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Abstract

Deoxycholate (DOC), chenodeoxycholate, 12-0-tetradecanoyl
phorbol-13-acetate (TPA), or 1-oleoyl-2-acetyl-glycerol (OAG)
activated colonic epithelial protein kinase C as reflected by
translocation from the soluble to the particulate cell fraction.
Activation of protein kinase C was correlated with stimulation
of enhanced proliferative activity of colonic mucosa and reactive
oxygen production. TPA and OAG, but not DOC, directly ac-

tivated soluble protein kinase C in vitro. However, DOCrapidly
increased labeled inositol phosphate and diacylglycerol accu-

mulation in colonic epithelial cells. Retinoic acid inhibited protein
kinase Cactivity and suppressed DOG-, TPA-, and OAG-induced
increases in reactive oxygen production. The results support a

role for protein kinase C in the stimulation of colonic epithelial
proliferative activity and reactive oxygen production induced by
bile acids, TPA and OAG. In contrast to TPAand OAG, which
activate protein kinase C directly, bile acids appear to activate
protein kinase C indirectly by increasing the diacylglycerol con-

tent of colonic epithelium.

Introduction

Bile acids stimulate the proliferative activity of colonic epithe-
lium (1-5), an action likely related to the ability of these agents
to act as tumor promoters in experimental (6, 7) and, possibly,
in human (7-10) colon carcinogenesis. The mechanisms by
which bile acids enhance colonic epithelial proliferation are not
known. However, one of the striking cellular actions of certain
bile acids, such as deoxycholate (DOG)' and chenodeoxycholate
which are potent stimuli of proliferative activity, is enhancement
of membrane phospholipid turnover (4, 1 1).

Numerous studies in recent years have linked enhanced
turnover of membrane phosphoinositides to activation of Ca2"
and phospholipid-dependent protein kinase C (12). Hydrolysis
of inositol phospholipids by phospholipase C results in an in-
creased cellular content of diacylglycerol which, in turn, is
thought to serve as the endogenous activator of protein kinase
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1. Abbreviations used in this paper: CL, chemiluminescence; dThd,
deoxythymidine; DOC, sodium deoxycholate; IP, inositol-l-phosphate;
IP2, inositol-1,4,-bisphosphate; IP3, inositol-1,4,5-trisphosphate; KRBG,
Krebs-Ringer bicarbonate buffer, OAG, l-oleoyl-2-acetyl glycerol; ODC,
ornithine decarboxylase activity; PI, phosphatidylinositol; PIP, phos-
phatidylinositol-4-phosphate; PIP2, phosphatidylinositol-4,5-bisphos-
phate; TPA, 12-0-tetradecanoyl phorbol-13-acetate.
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Cby increasing the affinity of the enzyme for Ca2+ (12). Phorbol
esters and other structurally unrelated tumor promoters directly
activate protein kinase Cin a manner analogous to diacylglycerol
(13-15). Activation of protein kinase Cby these agents has now
been linked to increased proliferative activity in several cell sys-
tems (16-21). Activation of protein kinase C has also been cor-
related with mitosis, viral transformation, and periods of rapid
growth in cultured cells (16). More recently, activation of protein
kinase C has been implicated in the mediation of increases in
superoxide production induced in neutrophils by phorbol esters
(22). In view of these considerations, we examined the possibility
that bile acids may activate protein kinase C in colonic epithe-
lium, and that activation of this enzyme may play a role in both
the stimulation of epithelial proliferative activity and the en-
hancement of reactive oxygen production which we have pre-
viously described in colonic epithelium in response to bile
acids (5).

Methods

Determination of ornithine decarboxylase activity and tritiated thymidine
incorporation into colonic mucosal DNA. Female Sprague-Dawley rats
(Zivic-Miller Laboratories, Pittsburgh, PA) were fasted for 8 h before
surgery and throughout the study period. Rats were anesthetized with
pentobarbital (50 mg/kg i.p.), and the colon was exposed through a mid-
line abdominal incision. Test agents were administered intracolonically
as previously described in detail (4, 5). For determination of ornithine
decarboxylase activity (ODC), rats were sacrificed at 4 h after bile acid
or saline. For determination of tritiated thymidine ([3H]dThd) incor-
poration into DNA, [3H]dThd (100 ,Ci/kg) was injected intraperitoneally
22 h after the bile salt or saline instillation had been made. Rats were
then killed 2 h after the injection of [3H]dThd.

Isolation of colonic crypts. Colonic crypts were isolated from rat colon
by a method previously reported for crypt isolation in the mouse colon
(23), and employed earlier by our laboratory in colon (5).

Measurement of chemiluminescence. Chemiluminescence (CL) was
measured as described previously (4, 5) in a Packard beta scintillation
counter (model 3380, Packard Instrument Co., Downers Grove, IL)
maintained at room temperature and operated in the out of coincidence
mode (gain 100%, window A to infinity; discriminators 0-1,000). All
values shown represent peak values obtained 10 s after addition of the
crypt suspension or test agents and have been corrected for the back-
ground CL obtained with the phosphate-buffered saline plus luminol.

Measurement of 0° production by cytochrome c reduction. 0° pro-
duction by colonic crypts was measured by the reduction of acetylated
cytochrome c as previously described in detail (5). Assays routinely con-
tained 75 MuMacetylated cytochrome c, 50 ug/ml catalase, 1 mMphos-
phate buffer, pH 7.4, and when indicated 20 Mg/ml superoxide dismutase.
The production of 0° from colonic crypts was linear with time (0-2.5
min) and crypt protein concentration (2-6 mg) under the conditions
employed.

Determination of ODC. Rats were killed 4 h after intraluminal in-
stillation of bile acids. Enzyme activity was determined in the soluble
fraction of mucosal scrapings from the release of 14C02 from DL-[ 1-
'4C]ornithine as previously described (4, 5). ODCwas linear with time
for 60 min with 20-200 yg of protein under all conditions of study.
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Preparation and partial purification of soluble protein kinase C ac-
tivity. The procedure used for homogenization of tissue, solubilization
of particulate activity, and DEAEcellulose column chromatography is
the same as that reported previously (17, 18).

Assay ofprotein kinase C. Protein kinase C activity was determined
as previously described (18). Unless otherwise indicated, reaction mixtures
contained 20 mMTris, 10 mMMgCI2, 400 Ag/ml histone (type III-S),
50 MM[32P]ATP (1 QCi), 1 mMCaCl2, and, where indicated, 80 Mg/ml
phosphatidylserine and 2MMI-oleoyl-2-acetyl-glycerol (OAG) in a final
volume of 75 Al. The contribution of EGTAand EDTA to the assay
mixture from the column elution buffer was 0.17 and 0.66 mM, respec-
tively. Ca2+ was routinely present in the assay mixture at 1 mMin excess
of EDTAplus EGTA. WhenOAGand 12-O-tetradecanoyl phorbol-13-
acetate (TPA) were added directly to the in vitro enzyme assay, Ca2'
chelators were removed from the enzyme solution by passage through
a Sephadex G-25 column and 10 MMCa2" was added to the enzyme
assay. The use of 10 MMrather than 1 mMCa2+ was required to dem-
onstrate the stimulatory effect of OAGand TPA on enzyme activity
(13). Aliquots of phosphatidylserine (10 mg/ml ethanol) and OAG(50
mg/ml ethanol) were evaporated under N2 and sonicated in 20 mMTris,
pH 7.6, before addition to the enzyme assay mixtures. Reactions were
begun by the addition of 25 Ml of enzyme preparation to 50 Ml of assay
mixture. Incubations were for 5 min at 30'C. Reactions were stopped
by pipetting 50 Ml of the assay mixtures onto a square (1 X 1 cm) of
filter paper (Whatman 31 Whatman Inc., Clifton, NJ) which had been
dipped in 10% trichloroacetic acid (TCA), 2 mMNaH2PO4. Filter papers
were then washed with agitation in 250 ml of ice-cold 10% TCA for 15
min followed by four changes of 10% TCA at room temperature. The
papers were soaked in 95% ethanol for 5 min followed by ether for an
additional 5 min and allowed to air dry before counting. Enzyme activity
was linear for 2-5 min under all conditions of assay employed.

Determination of labeled diacylglycerol. Labeled diacylglycerol was
determined in colonic crypts which had been prelabeled with
[3H]arachidonate. Colonic crypts (9 mgprotein/5 ml) were preincubated
with [3H]arachidonate (100 MCi/5 ml) for 60 min at 370C. The suspension
was washed by centrifugation in Krebs-Ringer bicarbonate buffer
(KRBG), which contained 50 mg/ml fatty acid free albumin, resuspended
in KRBGand incubated (5 ml per flask) at 37°C with or without test
agents for the times indicated in the text. At the end of the incubation
the crypt suspensions were extracted. The neutral lipid fraction was iso-
lated by silicic acid chromatography as previously described (24). Aliquots
of each extract were applied to silica gel Gthin-layer plates and developed
with hexane/ethyl ether/acetic acid 80:20:2 as previously described (25).
Lipids were located with I2 vapor and the spot corresponding to diac-
ylglycerol standard was transferred to a scintillation vial and counted.

Determination of labeled inositol phosphates and phosphoinositides.
Colonic crypts were incubated for 2 h with 3 MCi/2 ml of [3H]myoinositol
(sp act 80 Ci/mmol). Excess label was removed by washing the crypt
suspension three times with KRBG. The crypts were then resuspended
in KRBGplus 10 mMLiCl and incubated at 37°C for 3 min with or
without 5 mMDOC. At the end of 3 min the incubation was stopped
by addition of 0.67 ml of 10%HC104 and the mixture was homogenized
in a grinding vessel on ice. After centrifugation, inositol-l-phosphate
(IP), inositol-1,4-bisphosphate (IP2), and inositol-1,4,5-triphosphate (IP3)
were separated by Dowex formate chromatography as previously de-
scribed in detail (26). [3H]IP, [3H]IP2, and [3H]IP3 were employed as
standards. Phosphoinositides were isolated from particulate fractions as
previously described (27). Unlabeled phosphatidylinositol (PI), phos-
phatidylinositol-4-phosphate (PIP), and phosphatidylinositol-4,5-bis-
phosphate (PIP2) were added as carriers. The samples were then chro-
matographed on oxalate impregnated silica gel G thin-layer plates de-
veloped in CHC13/CH30H/4 N NH404 45:35:10. The lipids were
visualized by exposure to l2 vapor, scraped, and counted.

Statistics. Statistical significance of differences between mean values
was determined by the t test for unpaired data. For ODCand [3H]TdR
incorporation into DNA, studies were conducted on six rats in each
experimental group. Between 8 and 12 rats could be studied on any
given day. Experiments were thus repeated until the indicated number

of rats in each group had been studied. For the purposes of statistical
analysis, the average of replicate determinations for any parameter from
a single rat colon was entered as a single value (n = 6, degrees of freedom
= 10 comparing any two conditions by independent t test). Unless oth-
erwise indicated, in vitro incubations for determination of diacylglycerol,
CL, and protein kinase C activity were performed in duplicate. Experi-
ments were performed three times. The average value of duplicate de-
terminations of diaclyglycerol, CL, and protein kinase C activity from
each experiment was entered as a single value for the purposes of statistical
analysis (n = 3, degrees of freedom = 4 comparing any two experimental
conditions by independent t test).

Materials. TPA, 4a phorbol 12,13 didecanoate (4aPDD), and phorbol
were obtained from Sigma Chemical Co. (St. Louis, MO). [ 1,2-
3H(N)]Myo-inositol, PIP [inositol-2,3-3H(N)], PIP2 [inositol-2,3-3H(N)],
and PI [arachidonyl-1-'4C] were obtained from New England Nuclear,
(Boston, MA). Myo-[2-3H]IP, myo-[2-3H]IP2, and myo-[2-3H]IP3 were
obtained from Amersham Corporation (Arlington Heights, IL). The
sources of all other reagents have been previously reported (4, 5, 25).

Results

Ca2" and phospholipid-dependent protein kinase C activity was
not detectable in the crude l00,000-g soluble fraction of colonic
crypt homogenates. However, as illustrated in Fig. 1, partial pu-
rification of the crude soluble fraction on a DEAEcellulose col-
umn resulted in a sharp peak of activity which eluted at between
0.035 and 0.05 MNaCl. Protein kinase C activity is defined
here as the difference between activity measured in the presence
of Ca2" plus phosphatidylserine and that measured with Ca2j
alone. As illustrated in Fig. 1, in the presence of Ca2', activity
was stimulated approximately eightfold by the addition of phos-
phatidylserine to assay mixtures.

Table I illustrates the effects of incubation of isolated colonic
crypts for 10 min at 370C with DOC, chenodeoxycholate, TPA,
or OAGon the soluble-particulate distribution of protein kinase
C in homogenates. As shown, exposure of colonic crypts to 1
and 5 mMDOC, 5 mMchenodeoxycholate, 1 MMTPA, or 5
mMOAGresulted in a 48%-90% fall in soluble protein kinase
C activity. In each case, the reduction in soluble enzyme activity
was accounted for by a rise in enzyme activity in the particulate
fraction. Such translocation of soluble protein kinase C to the
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Figure 1. DEAE-cellulose purification of soluble protein kinase C ac-
tivity from colonic crypts. The 100,000-g soluble fraction of crypt ho-
mogenates was prepared and applied to a DEAE-cellulose column.
Fractions were eluted with a 0-0.07 MNaCI gradient (dotted line) and
assayed for protein kinase activity in the presence of Ca2" plus phos-
phatidylserine (80 Mg/ml) (open circles) or with Ca2" alone (filled
squares). Results shown are from a single representative experiment
repeated twice.
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Table I. Effects ofAddition of Test Agents to Isolated Colonic
Crypts on the Subcellular Distribution of DEAE-
Cellulose-purified Protein Kinase CActivity

Fraction
Addition to incubated
colonic crypts Soluble Particulate

pmol 32P/min per mgcrypt protein

None 2.7±0.4 1.0±0.2
DOC, 5 mM 0.65±0.08* 3.3±0.5*
DOC, 1 mM 1.4±0.2* 2.1±0.3*
Chenodeoxycholate, 5 mM 1.1±0.2* 2.2±0.5*
Chenodeoxycholate, 1 mM 2.9±0.5 0.8±0.1
TPA, 1 MM 0.28±0.05* 3.6±0.5*
OAG, 5 mM 0.95±0.2* 2.4±0.3*
4aPDD, 10;MM 2.5±0.3 1.2±0.2
Phorbol, 10 MM 2.4±0.3 1.0±0.2

Colonic crypts were incubated for 10 min at 370C with the additions
shown. The 100,000-g soluble and particulate fractions of crypt ho-
mogenates were partially purified by DEAE-cellulose chromatography.
The results shown represent the difference between enzyme activity as-
sayed in the presence of Ca2" and phosphatidylserine and activity
measured with Ca2' alone. Results shown are means±SE of determi-
nations from three separate experiments (df = 4 comparing any two
values by independent t test).
* P < 0.05 compared with corresponding value in the absence of an
addition.

particulate fraction has been employed as an index of enzyme
activation in intact cell systems (16). Consistent with previous
results that demonstrated that chenodeoxycholate was less ef-
fective than DOCas a stimulus for ornithine decarboxylase and
[3H]dThd incorporation into DNA(4), chenodeoxycholate was
less effective than DOCat mediating the translocation of soluble
protein kinase C to the particulate fraction when both bile acids
were tested at 5 mM. Moreover, chenodeoxycholate did not
induce protein kinase C translocation when tested at 1 mM. In
contrast to the effects of TPA, incubation of colonic crypts with
10 MMof 4aPDD or phorbol, which are not tumor promoters
(12), had no effect on the subcellular distribution of protein
kinase C activity in colonic crypts (Table I).

Table II illustrates the effects of addition of phosphatidyl-
serine or phosphatidylserine plus OAG, TPA, or DOCto the
enzyme assay on DEAE-cellulose-purified soluble protein kinase
C activity from colonic crypts. As shown, phosphatidylserine
increased enzyme activity sevenfold compared with that observed
in the presence of Ca2' (10 MM)alone. Addition of OAG(2 ,M)
or TPA (0.2 MM)to enzyme assay mixtures that contained phos-
phatidylserine plus 10 MuMCa2+ further increased activity twofold
above that seen with phosphatidylserine and Ca2" alone. By
contrast, 4aPDDor phorbol had no effect on protein kinase C
activity. As is also shown in Table II, raising the Ca2+ concen-
tration from 10 uMto I mMincreased protein kinase C activity
twofold. Addition of phosphatidylserine further increased en-
zyme activity fivefold compared with that seen with 1 mMCa2+
alone. DOChad a slight inhibitory effect on enzyme activity
when tested in either the presence or absence of phosphatidyl-
serine, possibly due to its ability to bind Ca2+ (28).

Table III illustrates the effects of DOC, chenodeoxycholate,
TPA, or OAGon labeled diacylglycerol formation by incu-

Table I. Effects of Test Agents on Partially Purified
Soluble Ca2" and Phospholipid-sensitive
Protein Kinase CActivity from Colonic Crypts

Additions to assay Activity

pmol 32P/min per mgprotein

Calcium, 10 MM 0.52±0.06
+ Phosphatidylserine, 80,ug/ml 3.6±0.2

+ OAG, 2 MM 7.3±0.4*
+ TPA, 0.2 MM 7.7±0.3*
+ 4aPDD, 0.2 ,M 3.4±0.1
+ Phorbol, 0.2 MM 3.4±0.2

Calcium, 1 mM 1.2±0.1
+ DOC, 1 mM 0.8±0.1t
+ Phosphatidylserine, 80 Ag/ml 6.5±0.4

+DOC,lmM 5.1±0.3*t

Soluble protein kinase C activity (100,000 g) was purified from co-
lonic crypt homogenates by DEAE-cellulose chromatography before
assay. Results are means±SE of assays of three different enzyme prep-
arations and are expressed as a function of milligrams of crude
100,000-g soluble protein (df = 4).
* P < 0.05 compared with corresponding value with phosphatidylser-
ine alone.
t P < 0.05 compared with corresponding value without DOC.

bated colonic crypts. Colonic crypts were prelabeled with
[3H]arachidonic acid. Where indicated, 1 and 5 mMDOC, 5
mMchenodeoxycholate, 10MMTPA, or 5 mMOAGwas added
to the crypt suspension for the final 1 or 10 min of incubation.
As shown in Table III, 5 mMDOCincreased labeled diacyl-
glycerol content approximately twofold when examined after
either 1 or 10 min of exposure to DOC. 1 mMDOCwas less
effective than 5 mMDOC(50% increase in diacylglycerol). As
is also shown in Table III, 5 mMchenodeoxycholate increased

Table III. Effects of Test Agents on Labeled Diacylglycerol
Formation by Incubated Colonic Crypts

Time of exposure to test agent (min)

Additions to crypts 1 10

dpm/mg protein dpm/mg protein

None 25±4
DOC, S mM 63±12* 57±9*
DOC, 1 mM 43±6* 40±5*
Chenodeoxycholate, 5 mM 39±5* 37±6*
TPA, 10MM 21±4 24±4
OAG, 5 mM 30±5 28±5

Colonic crypts were prelabeled with [3H]arachidonate (1 uCi/5 ml) for
60 min at 37°C. The suspension was washed by centrifugation, resus-
pended in KRBG, and incubated (5 ml per flask) at 37°C for 20 min.
Additions shown were made to the flasks for the final 1 or 10 min of
incubation. At the end of the incubation, labeled diacylglycerol was
extracted, isolated by thin layer chromatography as described in the
methods, and counted. Results shown are means±SE of determina-
tions on three colonic crypt incubates (df = 4).
* P < 0.05 compared with corresponding value in the absence of an
addition to the crypt incubation.
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Table IV. Effects of DOCon Phosphoinositide Hydrolysis in Isolated Colonic Crypts

Additions to Inositol Inositol 1,4- Inositol 1,4,5- Phosphatidyl Phosphatidyl Phosphatidyl inositol-
colonic crypts 1-phosphate bisphosphate trisphosphate inositol inositol 4-phosphate 4,5-bisphosphate

%of total cpm %of total cpm

None 5.8±0.8
5 mMDOC 9.2±3.0

2.8±0.5
6.9±0.8*

%of total cpm

0.37±0.06
0.74±0.12*

%of total cpm %of total cpm

83±2
76±5

5.9±1.1
5.6±0.7

Colonic crypts were prelabeled with [3H]inositol (3 MCi/2 ml) for 2 h at 370C. The suspension was washed by centrifugation, resuspended in
KRBGplus 10 mMLiCl, and incubated (2 ml per flush) at 370C for 3 min with or without 5 mMDOC. Labeled phosphoinositides and inositol
phosphates were extracted, separated, and counted as described in Methods. Results shown are means±SE of duplicate determination from three
experiments (df = 4). * P < 0.05 compared with corresponding value in the absence of DOC.

diacylglycerol content of colonic crypts. However, chenodeox-
ycholate was less effective than DOCwhen tested at the same

concentration. In contrast to the bile acids, neither TPA or OAG
had any effect on labeled diacylglycerol content when tested
under the same conditions of incubation as the bile salts and at
concentrations greater than those which directly stimulated pro-
tein kinase C (Table II).

Table IV illustrates the effects of DOCon the accumulation
of labeled inositol phosphates in incubates of colonic crypts that
had been prelabeled with [3H]inositol. As shown, 5 mMDOC
significantly increased the accumulation of IP2 and IP3 approx-
imately twofold. The accumulation of IP was also increased by
DOC. However, the latter increase was not statistically signifi-
cant. As is also illustrated in Table IV, a reduction in labeled
PIP2 was observed in colonic crypt incubates that contained 5
mMDOCcompared with incubations conducted in the absence
of DOC. The reduction in PIP2 was sufficient to account for the
rise in IP2 and IP3 observed. In contrast to PIP2, no significant
change in PI or PIP was observed with DOC.

Table V shows the effects of intracolonic instillation of DOC,
chenodeoxycholate, TPA, or OAGon soluble and particulate
protein kinase C activity in colonic mucosa. In these studies test
agents were surgically instilled into the colons of rats. After 10
min the colonic mucosa was scraped and homogenized and the
I00,000-g soluble fraction was prepared. Protein kinase Cactivity
was purified by DEAEcellulose chromatography prior to assay.

As illustrated, exposure of colons to 5 mMDOCor to 5 or 25
mMchenodeoxycholate resulted in translocation of soluble pro-

tein kinase C to the particulate fraction. Chenodeoxycholate was

less effective than deoxycholate. As is also shown in Table V,
intracolonic instillation of 10 or 1 ,uM TPA for 10 min also
resulted in a 93% and 48% loss of soluble protein kinase C,
respectively, whereas 0.1 MuMTPAwas not effective. Intracolonic
instillation of 5 mMOAGsimilarly reduced soluble protein ki-
nase C by 45% (Table V). By contrast, 4aPDDor phorbol had
no effect on soluble protein kinase C activity when tested under
the same conditions as TPA. Under all conditions shown in
Table V, which led to a decrease in soluble protein kinase C, an

analogous increase in particulate activity was observed. Quali-
tatively similar responses to each test agent were observed when
colonic mucosa was harvested at 4 h rather than 10 min after
intracolonic instillation of each test agent (data not shown).

Table VI illustrates the effects of intracolonic instillation of
TPA, OAG, or DOCon ODCand [3H]dThd incorporation into
colonic mucosal DNA. Consistent with previous results, 5 mM
DOCincreased mucosal ODCninefold and [3H]dThd incor-
poration into mucosal DNA 2.5-fold. TPA had no effect on

proliferative activity when tested at 0.1 eM but increased or-
nithine decarboxylase and [3H]dThd incorporation into DNA
2- and 1.5-fold, respectively, when tested at 1 gM. Increasing
the concentration of TPA to 10 gMresulted in a further increase
in ornithine decarboxylase and [3H]dThd incorporation into
DNAto twofold above that observed in rats treated with saline
alone. When tested at 1 mM, OAGincreased ornithine decar-
boxylase and [3H]dThd incorporation into DNA70% and 40%,
respectively (Table VI). Increasing the concentration of OAG
to 5 mMfurther increased ornithine decarboxylase and [3H]dThd

Table V. Effects of Intracolonic Instillation
of Test Agents on the Subcellular Distribution
of Protein Kinase CActivity in Colonic Mucosa

Fraction

Test agents Soluble Particulate

pmol 32P/min/mg protein

Saline 2.4±0.5 0.71±0.14
DOC, 5 mM 0.64±0.11* 2.2±0.3*
Chenodeoxycholate, 5 mM 1.2±0.2* 1.8±0.3*
Chenodeoxycholate, 25 mM 0.62±0.14* 2.4±0.4*
TPA, 0.1 MuM 2.6±0.4 0.53±0.08
TPA, 1 AM 1.1±0.2* 1.6±0.2*
TPA, 10 MM 0.19±0.03* 3.2±0.5*
OAG, 5 mM 1.2±0.2* 1.9±0.3*
4aPDD, 10MM 2.7±0.5 0.51±0.10
Phorbol, 10 MM 3.1±0.5 0.62±0.13

Test agents were instilled into the colons of three rats in each group.
DOCand sodium chenodeoxycholate were dissolved in saline. TPA,
OAG, 4a PDD, and phorbol were dissolved in ethanol, an aliquot was
added to saline, and the mixture was sonicated with a Branson probe
sonicator for 30 s at the highest setting. The concentration of ethanol
in saline employed (0.5%) did not influence the subcellular distribu-
tion of protein kinase C when tested alone. The pH of all solutions
instilled was 8.0. After 10 min, colonic mucosa was removed by scrap-
ing and scrapings from three rats in each group were combined and
homogenized. The 100,000-g soluble and particulate fractions were
then prepared and purified by DEAE-cellulose chromatography as de-
scribed in the legend to Fig. 1. Activity is expressed as a function of
milligrams of protein in the mucosal homogenate. Results shown are
means±SE of determinations from three separate experiments
(df= 4).
* P < 0.05 compared with corresponding value in rats treated with sa-
line.
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Table VL. Effects of Intracolonic Instillation of Test Agents
on ODCand [3H]dThd Incorporation into Colonic Mucosal DNA

Intracolonic
instillation ODC [3H]dThd

pmol C02/min per mgprotein
X dpmlug DNA

Saline 1.9±0.3 9±1
DOC, 5 mM 17+4* 22±3*
TPA, 0.1 MM 2.3±0.4 8±2

1 gM 4.1±0.6* 14±2*
10,uM 5.9±0.9*$ 20±3*t

OAG, 1 mM 3.2±0.5* 13±2*
5 mM 4.3±0.5*$ 19±3*$

4aPDD, 10,MM 1.8±0.4 10±2
Phorbol, 10 MM 1.9±0.3 10±2

Test agents, dissolved in 2 ml of saline, were instilled into rat colons as
described in the footnote to Table IV. ODCwas determined in the
100,000-g soluble fractions of homogenates of mucosal scrapings pre-
pared 4 h after instillation of each agent. [3H]dThd incorporation into
DNAwas determined 24 h after instillation of each test agent. Instilla-
tion of 0.5% ethanol in saline, which was the vehicle for TPA, OAG,
4aPDD, and phorbol, had no effect on ornithine decarboxylase or
[3H]dThd incorporation into DNA. Results shown for ODCrepresent
the means±SE of duplicate determinations on mucosal supernatants
from six rats in each group (n = 6). Results shown for [3H]dThd in-
corporation into DNArepresent determinations on three mucosal
scrapings from each of six rats in each group (n = 6).
* P < 0.05 compared with the corresponding value with saline alone
(df= 10).
$ P < 0.05 comparing 10 MuMTPA with 1 gM TPA or 5 mMOAG
with 1 mMOAG.

incorporation into DNAto values that were twofold greater than
those observed in rats that received saline alone. By contrast,
4aPDD and phorbol were without effect on ornithine de-
carboxylase or [3H]dThd incorporation into DNAwhen tested
at 10,uM.

Fig. 2 compares the concentration response relationship be-
tween DOCand ODCwith that between DOCand the percent
soluble protein kinase C activity in homogenates of colonic mu-
cosal scrapings 4 h after intracolonic instillation of DOC. As
shown in Fig. 2 (upper panel), exposure of colons to concentra-
tions of DOCfrom 1 to 25 mMresulted in a progressive loss
(47%-92%) of protein kinase C activity from the 100,000-g sol-
uble fraction. The lowest concentration of DOCthat caused a
significant reduction in protein kinase C activity was 1 mM. As
shown in Fig. 2 (lower panel), the concentration response rela-
tionship between DOCand ODCwas similar to that between
DOCand percent soluble protein kinase C activity.

Our previous studies had indicated a link between increased
reactive oxygen production induced by bile salts and the sub-
sequent increase in proliferative activity of colonic epithelium
(5). Other studies have implicated activation of protein kinase
C in the increases in superoxide production induced by phorbol
esters in neutrophils (22). Accordingly, we examined the rela-
tionship between activation of protein kinase C and increases
in reactive oxygen production in isolated colonic crypts. Fig. 3
(upper panel) illustrates the concentration response relationship
between TPA and luminol-dependent CL in colonic crypts. A
three- to fourfold increase in CL wis observed in colonic crypts

with 10 nM TPA. A 25-fold increase was observed with 1 ,M
TPA, and represented the maximal response to this agent. As is
also shown in Fig. 3, 1 nM TPA was without effect on CL.
Moreover, in contrast to TPA, 4aPDDor phorbol were without
effect on CL in isolated colonic crypts. As is also shown in Fig.
3 (lower panel), concentrations of TPA from 10 to 1,000 nM
caused a progressive shift in the subcellular distribution of protein
kinase C from the soluble to the particulate fraction. Analogous
to results obtained with CL, a significant decrease in percent
soluble protein kinase Cactivity was observed with 10 nMTPA.
Increasing the concentration of TPA to 1,000 nM resulted in a
progressive decline in the percent soluble protein kinase Cactivity
to 10%. 1 nMTPA was without effect on the subcellular distri-
bution of PKC. As is also shown in Fig. 3 (lower panel), 4aPDD
or phorbol failed to alter soluble protein kinase Cactivity at any
of the concentrations tested.

Table VII illustrates the effects of DOC, TPA, and OAGon
CL of colonic crypts. Consistent with previous observations (4),
5 mMDOCincreased CL approximately fivefold. Increasing
the concentration of DOCto 25 mMfurther increased CL in
colonic crypts to values that were 25-fold higher than the value
observed in colonic crypts in the absence of a stimulus. TPA at
1 MMalso increased CL in colonic crypts - 25-fold to values
that were not significantly different from those observed with
an optimal concentration of DOC. As is also illustrated in Table
VII, OAG(O. 1-50 MM), increased CL in colonic crypts 5-25-
fold. Optimal effects on CL were seen with 50 ,uM OAG. No
further increases in CL were observed when the concentration
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Figure 2. Concentration-response relationship between DOCand
ODCor percent soluble protein kinase C activity in colonic mucosa.
The percent soluble protein kinase C activity and ODCwere deter-
mined in homogenates of colonic mucosal scrapings 4 h after intraco-
lonic instillation of DOCas described in the footnotes to Tables IV
and V, respectively. Results shown for ODCrepresent the mean±SE
of duplicate determinations on mucosal supernatants from six rats (n
= 6). Results for protein kinase C represent means±SE of duplicate
determinations from three different enzyme preparations (n = 3). *P
< 0.05 compared with value obtained in rats receiving saline alone.
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Figure 3. Concentration-response relationship between TPA, 4aPDD,
or phorbol and CL (upper panel) or soluble protein kinase C (lower
panel). Studies were conducted in vitro in isolated colonic crypt epi-
thelium. Protein kinase C activity was determined as described in the
footnote to Table I. Results shown for CL are means±SE of duplicate
(with test agent) or eight (without test agent) counting rates from three
separate experiments obtained 10 s after addition of colonic crypts or
test agent to the vial (n = 3). Results shown for protein kinase C are
means±SE of duplicate determinations on three different enzyme
preparations (n = 3). *P < 0.05 compared to corresponding value in
the absence of test agent.

of OAGwas raised to 100 AM. CL is a nonspecific measure of
reactive oxygen production. Accordingly, we examined the effects
of DOC, TPA, and OAGon G2 production employing the more
specific cytochrome c reduction assay. As previously reported
(5), in the absence of a stimulus, G2 production is not detectable
in colonic crypts. However, significant cytochrome c reduction
by colonic crypts was observed in response to 5 mMDOC,
(0.76±0.06); 1 MM TPA, (0.85±0.09); or 50 AM OAG,
(0.96±0.08 nmol/min per mgprotein).

Fig. 4 (upper panel) illustrates the concentration response
relationship between DOCand CL in colonic crypts. Consistent
with previous observations (5), a significant increase in CL was
seen with 1 mMDOC. Increasing the concentration of DOCto
25 mMfurther increased CL to 25-fold above that seen with
tissue alone in the absence of DOC. As is also illustrated in Fig.
4 (lower panel), analogous to results obtained with CL, a fall in
percent soluble protein kinase C activity was evident after ex-
posure of crypts to 1 mMDOC. Increasing the concentration
of DOCto 25 mMresulted in a further reduction in soluble
protein kinase C activity.

Retinoic acid has previously been shown to suppress CL or
G2 production in neutrophils (22, 29, 30) and cultured epidermal
cells (31). These actions of retinoic acid are thought to be due
to inhibition of protein kinase C activity (22). Weexamined the
influence of retinoic acid on basal CL and increases induced by
DOC, TPA, and OAGin colonic crypts. In these studies, retinoic

acid was preincubated with colonic crypts for 15 min at 00C.
Retinoic acid was then removed by washing the crypts by cen-
trifugation. This was necessary due to intense CL caused by
retinoic acid. As shown in Table VII, preincubation of colonic
crypts with 100 AMretinoic acid had no influence on basal CL
but abolished increases in CL induced by DOC, TPA, or OAG.
By contrast, as is also shown, CL induced by addition of xanthine
plus xanthine oxidase to the colonic crypts was not suppressed
by retinoic acid, suggesting that any residual retinoic acid re-
maining in the crypt suspension was not acting as a scavenger
of reactive oxygen.

Table VIII illustrates the effects of retinoic acid on TPA-
and OAG-induced increases in soluble protein kinase C activity
partially purified from colonic crypts. Consistent with results
presented in Table II, phosphatidylserine increased protein kinase
C activity sevenfold above that observed in the presence of Ca2`
(10 AM) alone. Addition of 0.2 AMTPAor 2 AMOAGto assays
that contained Ca2+ and phosphatidylserine further increased
protein kinase C activity twofold over that observed with Ca2+
plus phosphatidylserine alone. As is also shown in Table VIII,
retinoic acid (25-100 AM) had no effect on enzyme activity as-
sayed without phosphatidylserine but suppressed activity mea-
sured in the presence of phosphatidylserine by 55%-90%. Reti-
noic acid (25-100 AM) also markedly suppressed or abolished
TPA- and GAG-induced increases in soluble protein kinase C
activity from colonic crypts (Table VIII).

Table IX illustrates the effects of retinoic acid on DOC-
induced alterations in the subcellular distribution of protein

Table VII. Effects of Retinoic Acid on Basal CL
and Increases Induced by DOC, TPA, QAG,
or Xanthine Oxidase in Colonic Crypts

Retinoic acid
Test agents None (100 MUM)

cpm cpm

None 4,873±589 4,436+483
DOC, 5 mM 56,592±7,034* 5,104±831t
DOC, 25 mM 124,000±18,074* 6,059±905t
TPA, 1 MM 120,394±21,743* 4,963±724$
OAG, 0.1 MuM 22,524±3,519* 4,271±731 t

OAG, 1 MM 51,369±7,246* 5,346±689t
OAG, 10 AM 129,563±18,620* 4,891±702t
OAG, 50 MM 127,404±16,593* 5,072±653t
Xanthine + xanthine oxidase 61,952±9,043* 64,709±8,562

CL was determined as described in the legend to Fig. 2. Where indi-
cated, retinoic acid was dissolved in ethanol and incubated with the
colonic crypt suspension for 15 min at 00C. Excess retinoic acid was
then removed by centrifugation before final resuspension of the crypts.
TPA and OAGwere also dissolved in ethanol. Exposure of crypts to
ethanol under the same conditions used to test retinoic acid, TPA and
OAGhad no effect on basal CL or increases induced by DOC. Where
indicated, the concentration of xanthine was 1 mMand of xanthine
oxidase was 1 MU!2 ml. Results shown are means±SE of duplicate
(with test agent) or 16 (without test agent) counting rates from three
separate experiments (n = 3) (df = 4).
* P < 0.05 compared with corresponding value in the absence of a test
agent.
* P < 0.05 compared with corresponding value in the absence of reti-
noic acid.
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Figure 4. Concentration-response relationship between DOCand CL
or percent soluble protein kinase C in isolated colonic crypts. CL and
percent soluble protein kinase C were determined as described in the
legend to Fig. 3 and the footnote to Table I, respectively. Results for
CL are means±SE of duplicate (with DOC) or 10 (without DOC)
counting rates from three separate experiments (n = 3). Results for
protein kinase C are means±SE of duplicate determinations from
three separate enzyme preparations (n = 3). *P < 0.05 compared with
corresponding value in the absence of DOC.

kinase C activity in colonic crypts. As shown, DOCinduced a
marked shift in the distribution of enzyme activity from the
soluble to the particulate fraction. Whentested at 100 ,M, ret-

Table VIII. Effects of Retinoic Acid on TPA
and OAG-induced Increases in Soluble Protein
Kinase CActivity from Colonic Crypts

Retinoic acid (,uM)

Additions to assay None 25 100

pmol/min per mgprotein

None 0.51±0.06 0.48±0.05 0.54±0.06
Phosphatidylserine,

80 Ag/ml 3.8±0.3 1.7±0.1* 0.48±0.04*
+TPA, 0.2 ,M 7.9±0.7* 2.9±0.2*t 0.52±0.06*
+OAG, 2 MM 7.5±0.6* 2.4±0.2*t 0.51±0.04*

Protein kinase C activity was determined as described in the footnote
to Table II. The 100,000-g soluble fraction of colonic crypt homoge-
nates was partially purified by DEAE-cellulose before assay. Retinoic
acid (dissolved in ethanol) was added to the assay mixture immedi-
ately before the enzyme preparation. Ethanol alone had no effect on
enzyme activity under any of the conditions employed. Results shown
are means±SE of determinations from three separate experiments and
are expressed as a function of mgof crude 100,000-g soluble protein
(df= 4).
* P < 0.05 compared with corresponding value in the presence of
phosphatidylserine alone.
* P < 0.05 compared with corresponding value in the absence of reti-
noic acid.

Table IX. Effects of Retinoic Acid on DOC-induced
Alterations in the Subcellular Distribution of Protein
Kinase CActivity in Colonic Crypts

Fraction

Test agents Soluble Particulate

pmol [32P]/min per mgcrypt
protein

None 3.2±0.5 0.81±0.09
DOC, 5 mM 0.92±0.02* 2.8±0.5*
DOC, 5 mM+ retinoic acid, 100 AM 2.9±0.4* 0.74±0.02*

Studies were conducted as described in the footnote to Table I. Co-
lonic crypts were preincubated at 370C with 100 MMretinoic acid or
no additions as indicated for 15 min before addition of DOC. Results
shown are means±SE of determinations from three separate experi-
ments (df = 4).
* P < 0.05 compared with corresponding value in the absence of test
agent.
* P < 0.05 compared with corresponding value with DOCalone.

inoic acid completely prevented the DOC-induced shift in pro-
tein kinase C activity (Table IX).

Discussion

Demonstration ofprotein kinase C in colonic epithelium. Protein
kinase C activity has previously been demonstrated in small
intestinal epithelium (32), and a role for this enzyme in intestinal
secretion has been proposed (33-35). The results of the present
study clearly demonstrate the presence of Ca2" and phospholipid-
dependent protein kinase C activity in colonic epithelium. Some
of the properties of soluble colonic epithelial protein kinase C
are analogous to those previously reported for this enzyme in
other tissues (12, 13, 16-18). Consistent with previous studies
in some other tissues, Ca2" and phospholipid-dependent protein
kinase C activity was not demonstrable in crude 100,000-g sol-
uble fractions of colonic epithelial cell homogenates (16-18, 36).
This may be due to the presence of inhibitory phosphatases (37)
or to the presence of high levels of other protein kinase activities,
such as Ca2" or cyclic nucleotide-dependent protein kinases,
which obscure Ca2" and phospholipid-dependent activity.

Relationship between protein kinase Cactivation and trans-
location of enzyme activity to the particulate fraction of colonic
epithelium. Activation of protein kinase C results in the for-
mation of an enzyme phospholipid complex both in cell-free
and in intact cell systems (38). Moreover, translocation of protein
kinase C activity from the soluble to the particulate fraction has
been repeatedly observed after exposure of intact cells to TPA,
OAG, or thyrotropin-releasing hormone (16-18, 36, 39, 40).
The ability of all of these agents to cause translocation of protein
kinase C from the soluble to the particulate fraction is presumed
to be due to their actions to activate protein kinase C. Thus,
TPA and OAGactivate protein kinase C activity directly (38,
41), whereas thyrotropin releasing hormone is known to induce
inositol phospholipid breakdown resulting in an increase in the
endogenous protein kinase C activator diacylglycerol (39).

In the present study, exposure of colonic epithelium to TPA,
OAG, or bile salts induced a rapid and dramatic loss of soluble
protein kinase C activity which was quantitatively recovered in
the particulate fraction. The ability of TPAand OAGto induce
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the translocation of soluble protein kinase C to the particulate
fraction was likely a result of their ability to directly activate the
enzyme. Thus, analogous to protein kinase C activity from other
sources, soluble protein kinase C activity from partially purified
colonic crypt epithelium was stimulated in vitro by TPA and
OAG. Moreover, TPA induced the translocation of protein ki-
nase C from the soluble to the particulate fraction in intact cells
at concentrations that were effective at stimulating protein kinase
C upon direct addition to the soluble fraction of colonic crypt
homogenates. In contrast to TPA and OAG, DOCfailed to ac-
tivate soluble protein kinase C directly in vitro. However, DOC
increased phosphoinositide turnover as measured by increased
accumulation of IP2 and IP3 and a reciprocal fall in PIP2. DOC
also increased labeled diacylglycerol content of colonic epithe-
lium. The concentration response relationship between DOC
and increases in colonic epithelial diacylglycerol content was
analogous to that between DOCand the translocation of soluble
protein kinase C to the particulate fraction. These results suggest
that DOCmay activate protein kinase C indirectly by stimulating
phosphoinositide breakdown. The mechanism by which DOC
stimulates phosphoinositide breakdown and activates protein
kinase C is not known, but could be related to its action as a
Ca2+ ionophore (42). In this regard, the Ca2" ionophore A23 187
has been reported to increase phosphoinositide turnover (43)
and high concentrations of Ca2+ may activate protein kinase C
directly (12). Alternatively, DOCactions on membrane phos-
phoinositide breakdown could be related to its detergent prop-
erties, which may alter the interaction of phospholipase C with
its membrane phopholipid substrates and thus increase their
susceptibility to metabolism. DOCstimulates polyphosphoino-
sitide hydrolysis by platelet cell membranes (11) and hepatic
microsomes (44) and by homogeneous preparations of hepatic
soluble phospholipase C (45). Of note, in the latter study, the
ability of DOCto stimulate phosphoinositide hydrolysis by ho-
mogeneous preparations of phospholipase Cwas not mimicked
by Triton X-100 (45), suggesting some specificity for DOCac-
tions.

Relationship ofprotein kinase Cactivation to increased pro-
liferative activity in colonic epithelium. Several lines of evidence
suggest that activation of protein kinase C is associated with
increased cell growth. Thus, a fall in soluble enzyme activity is
associated with mitosis, viral transformation, and periods of rapid
growth in cultured cells (16). Moreover, activation of protein
kinase C by TPA and OAGis associated with an increase in
[3H]dThd incorporation into DNAand an increase in ODCin
several cell systems ( 16, 19-21). The results of the present study
provide support for an association between protein kinase C
activation and increased proliferative activity in colonic epithe-
lium. Increases in colonic mucosal protein kinase C induced by
bile acids and other activators in vivo were evident within 10
min and clearly preceded enhancement of proliferative activity.
Thus, changes in protein kinase Cwere not simply a concurrent
of cell replication in colonic epithelium. In our in vivo studies,
the concentration response relationship between DOCand loss
of protein kinase C from the soluble fraction of colonic mucosa
was analogous to that between DOCand stimulation of mucosal
proliferation as reflected by increases in ODCand DNAsynthesis
demonstrated in the present and earlier studies (4, 5). Moreover,
intracolonic instillation of TPA (1-10 ,uM) and OAG(1-5 mM)
increased colonic mucosal ODCand [3H]dThd incorporation
into mucosal DNAat concentrations that were also effective at

inducing a soluble to particulate translocation of the enzyme in
vivo. By contrast, intracolonic instillation of 0.1 tM TPA was
without effect on either proliferative activity or the percent sol-
uble protein kinase C. The concentration of TPA (1-10 gM)
employed in our in vivo studies was 40-400-fold higher than
that required for optimal effects of these agents on soluble protein
kinase C activity in vitro. This may be related to the fact that
the effective concentration of these lipid soluble agents in the
colonic lumen is much lower than that in the in vitro enzyme
assay due to dilution of TPA in membrane lipids. In this regard,
previous in vivo studies of TPA on intestinal secretion also re-
quired 10 ,gM TPA to demonstrate effects (33). Similarly, the
concentration of OAG(1-5 mM) required for optimal effects
on colonic proliferative activity in vivo was 20-1,000 fold higher
than that required to obtain optimal stimulation of soluble pro-
tein kinase C activity in the in vitro assay system employing the
partially purified soluble enzyme. This may be related to me-
tabolism of OAG(36) in vivo. However, we cannot rule out the
possibility that the ability of TPA and OAGto increase colonic
proliferative activity in vivo is due to actions of high concentra-
tions of these agents other than activation of protein kinase C.

Relationship ofprotein kinase Cactivation to reactive oxygen
production. Our previous studies had indicated that reactive ox-
ygen production plays a role in bile salt induced increases in
colonic mucosal proliferative activity (5). Work from other lab-
oratories has implicated reactive oxygen production in the
expression of the actions of TPA to increase proliferative activity
in mouse skin (31, 44) and cultured hepatocytes (46) and to
promote tumor formation in mouse skin (47). TPA and OAG
increase O° production in neutrophils (22, 29, 30) and cultured
epidermal cells (31). Recent evidence suggests that these actions
of TPA and OAGrequire activation of protein kinase C (22,
48). As clearly demonstrated in the present study, when tested
at very low concentrations, TPA and OAGalso increased su-
peroxide dismutase inhibitable CL and O° production in colonic
crypts. The increases in these parameters in response to optimal
concentrations of TPA and OAGwere analogous to those seen
with optimal concentrations of DOC. The concentration re-
sponse relationship between DOCand CLwas analogous to that
between DOCand translocation of soluble protein kinase C to
the particulate fraction in isolated colonic crypts. Moreover, the
concentration response relationship between TPA and CL was
also similar to that observed between TPA and percent soluble
protein kinase C activity in isolated crypts. The CL responses
to DOC, OAG, and TPAwere all abolished by 100 ,uM retinoic
acid. The failure of the concentration of retinoic acid tested to
block CL generated via the xanthine-xanthine oxidase system
implied that retinoic acid was not simply acting as a scavenger
of reactive oxygen. The ability of retinoic acid to inhibit TPA-
induced O° production but not that mediated by xanthine-xan-
thine oxidase has been previously observed (22, 49). Retinoic
acid blocked DOC-, TPA-, and OAG-induced increases in CL
in colonic crypts at concentrations that were effective at blocking
the translocation of protein kinase C activity from the soluble
to the particulate fraction of colonic crypt homogenates. The
results are consistent with a role for protein kinase Cin expression
of the actions of DOC, TPA, and OAGto increase reactive ox-
ygen formation in colonic crypts.

Thus, our findings implicate activation of protein kinase C
in the process by which bile acids rapidly increase reactive oxygen
formation and, subsequently, enhance the proliferative activity
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of colonic epithelium. The mechanism(s) by which the activation
of protein kinase C and the burst of reactive oxygen induced by
bile acids or phorbol esters ultimately lead to the stimulation of
the proliferation of the colonic epithelium observed in response
to these agents remains to be determined.
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