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Melanosis Coli

A Consequence of Anthraquinone-Induced Apoptosis of

Colonic Epithelial Cells
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A condition closely resembling human melanosis coli
was induced in the guinea pig large intestine by daily
oral administration of the anthraquinone danthron.
Each treatment caused a transient, dose-related wave
of apoptosis of the colonic surface epithelial cells. Most
of the resulting apoptotic bodies were phagocytosed by
intraepithelial macrophages and carried by them
through fenestrae in the epithelial basement mem-
brane to the lamina propria. Here, the apoptotic bodies
were transformed into typical lipofuscin pigment in
macrophage heterolysosomes. Continued danthron
administration caused progressive accumulation of

pigmented macrophages in the bowel wall, whereas
ongoing migration of pigmented macrophages to re-
gional lymph nodes resulted, after danthron was
ceased, in sequential loss of the pigmented cells from
the superficial and deep lamina propria. Examination
of colonic biopsies from patients with melanosis coli
shows increased numbers of apoptotic bodies in the
surface epithelium and lamina propria, suggesting im-
plication of the same cellular processes in the forma-
tion of the pigment in man. (Am J Pathol 1988, 131:
465-476)

THE DEVELOPMENT of melanosis coli has been
linked to the chronic ingestion of anthraquinone pur-
gatives.!”> The pigment present in macrophages in the
lamina propria in this condition shows the histochem-
ical reactions and ultrastructural appearances of lipo-
fuscin®-® and is currently believed to originate from
the organelles of epithelial cells”® or macrophages’
damaged by the anthraquinones. The details of the
processes involved in its genesis have, however, not
been defined.

Recently we noticed numerous apoptotic bodies in
the epithelium and superficial lamina propria in co-
lonic mucosal biopsies from patients with melanosis
coli. Derivation of macrophage lipofuscin from de-
graded phagocytosed apoptotic bodies of epithelial or-
igin has been demonstrated by one of us during stud-
ies of atrophy of exocrine glands induced by duct liga-
tion'®'"; in these experiments, the pigment was found
to appear in macrophages that had phagocytosed
apoptotic bodies within the epithelium and subse-
quently migrated to the interstitial tissues. It seemed
possible that a similar sequence of events might be im-
plicated in the pathogenesis of melanosis coli.

465

Apoptosis is a distinctive form of cell death charac-
terized morphologically by cytoplasmic shrinkage,
margination of chromatin in sharply defined masses
adjoining the nuclear envelope, and nuclear and
cellular fragmentation to produce rounded, mem-
brane-enclosed apoptotic bodies that are rapidly
phagocytosed by adjacent cells. It accounts for cell loss
occurring under physiologic conditions but can also
be induced by pathologic stimuli, including certain
chemicals and toxins.'?"!

The present experimental studies in guinea pigs
were undertaken to assess the role of epithelial
apoptosis in producing melanosis coli. The synthetic
anthraquinone danthron (1,8-dihydroxyanthraqui-
none) was found to induce a transient wave of
apoptosis of colonic epithelial cells; the resulting
apoptotic bodies were phagocytosed by macrophages
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within the epithelium and carried by them to the lam-
ina propria, where they were degraded to lipofuscin.

Materials and Methods
Animal Studies

Experimental Induction of Melanosis Coli

Outbred male English shorthair guinea pigs weigh-
ing 400-600 g were used. They were fed a pellet diet
containing 22% protein, 5-10% fat, and mineral and
vitamin supplements and were allowed free access to
water containing 500 mg/l ascorbic acid. To induce
melanosis coli, danthron (Sigma Chemical Company,
St. Louis, MO) was suspended in 40% aqueous su-
crose solution and administered orally in 2 ml daily
doses'®!” to two separate groups of experimental ani-
mals. The first group received 25 mg/kg danthron for
periods ranging from 1 to 10 days.'®!” One or 2 ani-
mals were killed 1, 2, 3, 4, 6, 12, and 24 hours after 1
dose; 6 hours after daily dosing for 3 and 7 days; and
24 hours after daily dosing for 3, 6, and 10 days. Other
animals receiving 10 daily doses were killed 3, 6, and
10 days and 2, 3, 4, and 8 weeks after completion of
the course of danthron for assessment of pigment loss
during the recovery period. The second group of ani-
mals received smaller doses of danthron (2.5 mg/kg)
that were nearer the recommended dosage range for
man.'® Two animals were killed 4, 6, 12, and 24 hours
after a single dose; 6 hours after daily dosing for 3 and
7 days; and 24 hours after daily dosing for 3 days and
1,2,4, 8, and 12 weeks. Normal animals and animals
given 2 ml 40% sucrose 6 hours previously were used
as controls.

Light and Transmission Electron Microscopy

After lethal intraperitoneal injection of pentobarbi-
tone, ileum, cecum, colon, and ileocecal lymph nodes
were removed en bloc from the experimental animals
and the intestine washed with normal saline prior to
fixation. For light microscopy, 5 u paraffin sections of
formalin-fixed tissue were prepared and stained with
hematoxylin and eosin (H&E) or by the periodic acid-
Schiff (PAS), long Ziehl-Neelsen (ZN), or Schmorl’s
methods.

For electron microscopy, cecum from control ani-
mals and cecum and ileocecal lymph nodes from ani-
mals given the high dose of danthron were diced and
fixed in 3% glutaraldehyde in 0.1 M sodium cacodyl-
ate buffer, pH 7.2. The tissues were then washed in
cacodylate buffer, postfixed in 1% osmium tetroxide,
washed in distilled water, stained en bloc in 5% aque-
ous uranyl acetate, dehydrated through a series of
graded alcohols, cleared in propylene oxide, and em-
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bedded in an Epon/Araldite mixture. Sections 1 u in
thickness were cut on an LKB Ultratome V and
stained with toluidine blue for use in selecting areas
for detailed study. Ultrathin sections were picked up
on uncoated copper grids, stained with lead citrate for
1-2 minutes, and examined in an Hitachi H300 elec-
tron microscope.

Scanning Electron Microscopy

Scanning electron microscopy was performed for
determination of the size and frequency of fenestrae
in the epithelial basement membrane of the cecal mu-
cosa, because it seemed likely that intraepithelial mac-
rophages containing apoptotic bodies would need to
pass through these fenestrae to reach the lamina pro-
pria. Fresh samples of cecum from normal guinea pigs
and from animals given danthron (25 mg/kg) 6 hours
previously were immersed in 1% aqueous boric acid
for 8 hours, rinsed in buffer, dehydrated in ascending
percentages of acetone (25, 50, 75, 95, 100), and
stored in 100% acetone for 16 hours. The basement
membrane was exposed by tissue microdissection
with ultrasonic vibration (50,000 cycles/sec) for 5
minutes.'® Specimens were then critical point dried,
coated with gold and observed in a JEOL JSM 35CF
scanning electron microscope. The diameters and
density (number per square millimeter) of fenestrae in
the cecal surface epithelial basement membrane were
calculated from scanning electron micrographs with
the aid of a Mop-Videoplan.

Quantification of Cell Death

Counts of apoptotic bodies were made in H&E-
stained histologic sections of cecum from each of 2
normal animals; 2 control animals given sucrose solu-
tion 6 hours previously; and 2 high- and 2 low-dose
animals killed 4, 6, 12, and 24 hours after a single dan-
thron dose and 6 hours after the third and seventh
daily dose. In each section, the number of chromatin-
containing apoptotic bodies was counted in 1) 40
crypts with lumens extending the full length of the
crypt, 2) 40 areas of lamina propria lying between ad-
jacent crypts, and 3) the surface epithelium overlying
the areas of lamina propria counted in 2. The means
and standard errors of the mean (SEM) of the counts
were then determined for each pair of animals. Statis-
tical significance of the differences between means of
corresponding counts in experimental groups and un-
treated control animals was determined by the two-
tailed, nonpaired Student ¢ test.

12-15

Melanosis Coli in Man

Histologic studies were performed on 5-p H&E-
stained paraffin sections. Twenty consecutive biopsies



Vol. 131 e No. 3

showing histologically normal colonic mucosa taken
from the files of the Department of Pathology, Royal
Brisbane Hospital, and 20 similarly selected biopsies
showing evidence of melanosis coli were examined.
In sections of each biopsy, the number of chromatin-
containing apoptotic bodies was counted in 1) 20 ar-
eas of lamina propria lying between adjacent crypts
and 2) the surface epithelium overlying the areas of
lamina propria counted in 1. The results are expressed
as the mean +SEM of the counts in the normal and

melanosis coli groups. Statistical significance of the
differences between the means of corresponding
counts in the two groups was determined by the two-
tailed, nonpaired Student ¢ test.

Results

Patterns of Accumulation and Disappearance of
Pigment in Experimental Animals

Cecum

In normal guinea pigs and those given sucrose only,
cecal surface epithelial cells were free of pigment, and
only small numbers of vacuolated and occasionally
lightly pigmented macrophages were found in the su-
perficial lamina propria. Twenty-four hours after high
doses of danthron, fine brown pigment granules had
formed in the supranuclear cytoplasm of surface epi-
thelial cells, and coarser brown granules were found
in the cytoplasm of the lamina propria macrophages.
Continued dosing increased the number and size of
pigmented macrophages (Figure la), and many of
them had vesicular nuclei, prominent nucleoli, and
increased numbers of cytoplasmic pigment granules.
By Day 7, the pigmented macrophages extended to
the muscularis mucosae; and by Day 11, some had
entered the submucosa. In superficial macrophages,
pigment was in the form of small, widely dispersed
granules that stained with PAS and Schmorl’s meth-
ods. In cells near the muscularis mucosae, pigment oc-
curred as closely packed, large, variably sized granules
that stained with the ZN, PAS, and Schmorl’s meth-
ods. The different appearances were in accord with li-
pofuscin of varying age, with the older pigment lying
deep in the mucosa.®

Low-dose danthron induced only minor pigmenta-
tion of surface epithelial cells, and daily dosage for 4
weeks was required before pigmented lamina propria
macrophages regularly extended to the muscularis
mucosae. The intensity of macrophage pigmentation
increased from superficial to deep lamina propria, but
each macrophage was more lightly pigmented and
contained smaller pigment granules than comparable
cells in high-dose animals.
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After completion of the 10-day, high-dose regimen,
the number of pigmented epithelial cells and lamina
propria macrophages steadily decreased. After 3 days,
pigmented surface epithelial cells were confined to
small areas centrally placed between adjacent crypts;
and by 6 days, none remained. Residual pigmented
lamina propria macrophages progressively moved to-
ward the muscularis mucosae and by 4 weeks were
confined to a narrow zone adjacent to the muscularis.
After 8 weeks only a few heavily pigmented cells re-
mained (Figure 1b).

Colon and Ileum

The patterns of pigmentation in colonic mucosa in
high- and low-dose animals were similar to those in
cecum. However, the amount of pigment formed was
less and showed much greater regional variation. In
the ileum, high-dose danthron produced small brown
pigment granules in the supranuclear cytoplasm of ep-
ithelial cells of the villus tip, and macrophages in the
adjoining lamina propria showed increase in size and
brown granular pigmentation. Low-dose danthron in-
duced very mild pigmentation of the same cells.

Heocecal Lymph Nodes

In high-dose animals, pigmented macrophages
were first found in lymph nodes on Day 7; they pro-
gressively increased in number (Figure Ic) until 8
weeks after completion of the 10-day regimen. They
were located in subcapsular and cortical sinuses, in
paracortical areas, and in the margins of germinal cen-
ters. Small numbers appeared in the medulla in the
later stages of the study. In low-dose animals, pig-
mented macrophages, first seen in the nodes on Day
15, were similarly distributed. They increased in num-
ber throughout the 3-month period of continued dan-
thron administration.

Apoptosis of Epithelial Cells and Pigment Formation
Guinea Pig Cecum
Light Microscopy

In normal animals and those given sucrose only,
apoptotic bodies were present in only small numbers
(Figure 2). They appeared as small, round, eosino-
philic globules, often containing crescents and specks
of condensed chromatin, and were located within the
surface epithelium, the proliferative zone of the
crypts, and the superficial lamina propria. In the epi-
thelium, the apoptotic bodies had mostly been phago-
cytosed by basal pale cells identified ultrastructurally
as macrophages. They were also found in macro-
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Figure 1a—Pigmented macrophages in lamina propria of guinea pig cecum after 10 daily doses of danthron, 25 mg/kg. (X280)  b—Pigmented macro-
phages (arrows) adjacent to muscularis mucosae of cecum, 8 weeks after administration of a 10-day course of danthron (25 mg/kg) to guinea pig.
(x350) c—Pigmented macrophages in cortex of ileocecal lymph node of guinea pig, 3 weeks after a 10-day course of danthron (25 mg/kg). (X420) d—
Apoptotic bodies in epithelium (short arrow) and lamina propria (fong arrows) of guinea pig cecum 6 hours after a single dose of danthron (25 mg/kg). Shortened
surface epithelial cells contain supranuclear pigment granules. (X660)  e—Apoptotic bodies in macrophages in epithelium (short arrow) and lamina propria
(long arrows) in colonic biopsy from patient with melanosis coli. (xX450) f—Same biopsy at higher magnification. Apoptotic bodies (arrows) occupy the
zone between epithelium and deeper pigmented macrophages. (All H&E, X700)
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phages lying within the superficial lamina propria and
crossing the surface epithelial basement membrane.

The yellow danthron suspension reached the cecum
3-4 hours after oral administration. Almost immedi-
ately in high-dose animals, greatly increased numbers
of apoptotic bodies were found in the surface epithe-
lium and superficial lamina propria (Figures 1d and 2),
but no increase occurred in the crypt epithelium (data
not shown). The numbers of apoptotic bodies were sig-
nificantly increased in the lamina propria at 4 (P
< 0.01) and 6 hours (P < 0.001) and in the epithelium
at 6 hours (P < 0.05) when compared with levels in
untreated control animals. Most of the apoptotic bod-
ies were located in macrophages in the superficial lam-
ina propria (Figures 1d and 2); smaller numbers lay
within intraepithelial macrophages, surface epithelial
cells, or the gut lumen; a few were found in macro-
phages crossing the basement membrane. Simulta-
neously, there was a marked reduction in the height of
residual surface epithelial cells, and this was associated
with the appearance of fine brown pigment granules
in their supranuclear cytoplasm (Figure 1d) and focal
denudation of the basement membrane. By 24 hours,
however, substantial recovery of surface epithelium
had occurred. It was accompanied by increased mitoses
in crypt epithelium, disappearance of apoptotic bodies
(Figure 2), and the appearance of pigment granules in
macrophages in the superficial lamina propria.

After repeated high-dose danthron administration,
surface epithelial damage recurred, and large numbers
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of apoptotic bodies were once again found in the cecal
mucosa at 6 hours (Figure 2). When compared with
the levels in untreated control animals, the numbers
of apoptotic bodies were significantly increased in the
lamina propria 6 hours after the last of 3 (P < 0.001)
and 7 (P < 0.02) consecutive daily doses of danthron
and in the epithelium 6 hours after the last of 3 daily
doses (P < 0.01). As after a single dose, the apoptotic
bodies were most numerous in macrophages in the su-
perficial lamina propria, heavily pigmented macro-
phages lying at a deeper level being devoid of apop-
totic bodies.

Six hours after low-dose danthron, damage to sur-
face epithelium was less evident, with only a slight re-
duction in the height of the epithelial cells being ob-
served. The numbers of apoptotic bodies, compared
with levels in untreated control animals, were signifi-
cantly increased in the epithelium 6 hours after the
first (P < 0.01), third (P < 0.02), and seventh (P
< 0.02) daily danthron administration and in the lam-
ina propria after the first (P < 0.01) and third (P
< 0.05). The increases, however, were less than those
in high-dose animals (Figure 2). Changes in the num-
ber of apoptotic bodies with time ran parallel to those
in high-dose animals (Figure 2).

Electron Microscopy

Apoptosis of epithelial cells was seen rarely in nor-
mal guinea pig cecum. Most of the resulting apoptotic
bodies were found to have been phagocytosed by cells

DAY 3 DAY 7
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HOURS AFTER DANTHRON ADMINISTRATION

Figure 2—Mean number of apoptotic bodies in cecal lamina propria between pairs of crypts and in each overlying segment of surface epithelium in guinea
pigs given oral danthron in low (2.5 mg/kg) and high (25 mg/kg) dosage. Counts in normal, untreated animals are shown at 0 hours on Day 1. The other bars
under Day 1 indicate the counts at four time intervals after a single dose. The bars under Days 3 and 7 indicate the counts 6 hours after the last dose of
courses of daily doses of these durations. Counts in the epithelium in normal animals and animals 24 hours after a single danthron dose are too small to
appear as separate categories. Error bars indicate the SEM of combined counts in epithelium and lamina propria.
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with morphologic features of macrophages that were
basally situated within the epithelium. These cells had
abundant, electron-lucent cytoplasm containing het-
erolysosomes, residual bodies, and sparse organelles
and showed long cytoplasmic processes that often
bridged gaps in the basement membrane. Heterolyso-
somes containing partly degraded cellular material
and residual bodies were also found in macrophages
in the superficial lamina propria in normal animals.
Four and 6 hours after danthron ingestion, there
was abundant apoptosis of cecal surface epithelium.
Some affected cells showed sharply defined masses of
chromatin lying against the nuclear envelope, convo-
lution of nuclear and cellular outlines, and increased
electron density and crowding of cytoplasmic organ-
elles (Figure 3a). Others had fragmented to form
membrane-bounded, electron-dense apoptotic bodies
containing crowded organelles and nuclear fragments
with sharply circumscribed, marginated, condensed
chromatin (Figure 3b). Most apoptotic bodies were
phagocytosed by intraepithelial macrophages (Figure
3¢), but small numbers were taken up by epithelial
cells. Macrophages laden with heterolysosomes and
residual bodies were sometimes seen passing through
the epithelial basement membrane (Figure 3d).
Macrophages were quite numerous in the lamina
propria 4 hours after danthron administration and
contained many apoptotic bodies, most with structur-
ally intact organelles (Figure 4a). The origin of these
apoptotic bodies from epithelial cells was suggested by
the simultaneous apoptosis and depletion of the sur-
face epithelium, the type and abundance of organelles
in the apoptotic bodies, and the presence of occasional
goblet cell fragments. By 6 hours, considerable degra-
dation of the apoptotic bodies had occurred in the
macrophages, and individual organelles within them
could no longer be identified (Figure 4b). After 24
hours, only large, loose, membranous whorls, lipid
globules, and granular electron-dense material re-
mained (Figure 4c). Thereafter, the contents of mac-
rophage heterolysosomes progressively condensed,
forming tight membranous whorls within an electron-
lucent amorphous and granular matrix at 3 weeks
(Figure 4d) and dense lysosomal granules at 8 weeks.
Four and 6 hours after danthron ingestion, autoly-
sosomes containing altered mitochondria and short
segments of rough endoplasmic reticulum and resid-
ual bodies filled with granular electron-dense material
and myelin figures were found in the supranuclear cy-
toplasm of surface epithelial cells. The latter corre-
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sponded with small pigment granules seen by light mi-
croscopy. Autolysosomes and residual bodies of sim-
ilar appearance were also found in the apoptotic
bodies in the lamina propria. Rare surface epithelial
cells showed severe cellular and mitochondrial swell-
ing, amorphous densities in mitochondria, and rup-
ture of plasma and organelle membranes, manifesta-
tions of cell death by necrosis.”’ Where epithelial cell
loss was particularly extensive, areas of basement
membrane were covered by only attenuated epithelial
cell processes.

Guinea Pig Colon and Ileum

By light microscopy, the colonic mucosa in dan-
thron-treated animals showed changes that were qual-
itatively and quantitatively similar to those observed
in the cecum. In the ileum, relatively small numbers
of apoptotic bodies were found in the surface epithe-
lium and lamina propria at the villus tip 6 hours after
high-dose danthron. Apoptotic bodies in the epithe-
lium were phagocytosed by macrophages and epithe-
lial cells or shed into the gut lumen. In the lamina pro-
pria, their presence preceded pigment formation in
macrophages. After low-dose danthron, apoptotic
bodies were found infrequently, and only scant pig-
ment resulted.

Human Colon

Light microscopy of normal mucosa rarely revealed
macrophages containing apoptotic bodies within the
surface epithelium and crossing the epithelial base-
ment membrane. In melanosis coli, significantly in-
creased numbers of apoptotic bodies were found
within macrophages in the epithelium (Table 1 and
Figure le) and superficial lamina propria (Table 1,
Figure le and f). The mean number of apoptotic bod-
ies in different biopsies of this condition, however,
showed wide variation, ranging from 0 to 9.3 per in-
tercrypt segment of surface epithelium and from 0.6
to 10.3 per intercrypt space. The variability in the
number of apoptotic bodies in the melanosis cases
may reflect the length of the time interval between an-
thraquinone ingestion and biopsy.

Size and Frequency of Fenestrae in Surface
Epithelial Basement Membrane

Scanning electron microscopy of the denuded cecal
surface epithelial basement membrane showed that in
normal guinea pigs it was penetrated by well-defined

Figure 3—Surface epithelium of guinea pig cecum 4 hours after single oral dose of danthron (25 mg/kg).
b—Cluster of apoptotic bodies (arrows), some containing nuclear fragments (N). (X7500)

(X11,200)

cytoplasmic processes (arrows) of an intraepithelial macrophage (M). (X7500)

a—Early apoptosis of an epithelial cell.
c—Apoptotic bodies partly enveloped by pale
d—Intraepithelial macrophage with cytoplasmic process containing part of

nucleus protruding through the epithelial basement membrane (/arge arrows). Its cytoplasm contains several heterolysosomes (small arrows). (X13,600)
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Figure 4—Development of lipofuscin pigment in macrophages in guinea pigs after high-dose danthron.
Most apoptotic bodies in macrophages are well preserved. One (arrow) is partly degraded. (X6400)

Most apoptotic bodies are now partly degraded. (xX4800)
and residual bodies. (xX8000)
&
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a—Cecal lamina propria 4 hours after single dose.
b—Cecal lamina propria 6 hours after single dose.

c—Cecal lamina propria 24 hours after a single dose. Macrophage contains heterolysosomes
d—Pigmented macrophage in ileocecal lymph node 3 weeks after completion of a 10-day course. (X 6400)

Y

round to oval fenestrae (Figure 5a). These measured
1-9 u in diameter (mean, 2.5 u) and had a density
of 6000/sq mm. Similar fenestrae were visible in the
epithelial basement membrane of the crypts. Six
hours after high-dose danthron, the density of fenes-
trae in the surface epithelial basement membrane was
unchanged, but the mean diameter had increased (P
< 0.01, two-sided ¢ test) by 30%, and ragged defects
were found in the basement membrane at crypt mar-
gins (Figure 5b). Large intraepithelial macrophages
containing apoptotic bodies were often seen by light
microscopy to overlie the latter sites.

Discussion

The distribution of pigment in melanosis of the
guinea pig large intestine induced by danthron closely
resembled that seen in melanosis coli in man.?' Pig-
mented macrophages progressively accumulated in
the lamina propria, entered the submucosa, and mi-
grated to the regional lymph nodes. The pigment
granules were first evident in macrophages in the su-
perficial lamina propria and became larger and more
closely packed as the macrophages migrated to deeper
layers of the gut wall. When treatment was discon-
tinued, the pigmented macrophages disappeared se-
quentially from the superficial and deep lamina pro-
pria but continued to increase in number in the re-
gional lymph nodes throughout the period of the
experiments.

The first event in the sequence leading to the accu-
mulation of pigment in the lamina propria of the large
intestine was induction by the danthron of a transient
wave of enhanced apoptosis of surface epithelial cells.
The selective involvement of the large intestine may
merely reflect conversion of glucuronidated drug to
its active form by cecal bacteria.?>>*> On the other
hand, the failure of anthraquinones to induce mela-
nosis in human colonic tumors? raises the possibility
of a specific interaction with normal colonic epithelial
cells. Selective enhancement of apoptosis in intestinal
epithelial cell populations has been reported in a num-
ber of conditions.?*-3* In the case of apoptosis in small
intestinal villous epithelium induced by Shiga toxin,
the basis of the selectivity is believed to be attachment
of the toxin to specific cell membrane receptors.?® Cer-
tain enteric chemical carcinogens have also been
shown to selectively enhance apoptosis at particular
levels of the gut which correspond to the sites of subse-

quent tumor formation®*?%; the reasons for the selec-
tivity in this latter case are uncertain. In the context
of the present studies, it is of interest that danthron
has been shown to bind strongly to DNA in vitro,*
to be mutagenic and genotoxic in various cell culture
systems,?>*"-¥ and to cause epithelial tumors of the
colon in rodents.***' It has been suggested that the in-
duction of apoptosis by carcinogens and other agents
affecting DNA may represent the controlled elimina-
tion of cells whose survival might be damaging to the
host.lB—lSAZ

Most of the apoptotic bodies derived from surface
intestinal epithelial cells in both the normal and dan-
thron-treated animals were phagocytosed by intraepi-
thelial macrophages. The occurrence of such cells in
normal intestinal epithelium has been described pre-
viously,**~*¢ and they have also been recorded under
pathologic conditions in the mouse intestine in Giar-
dia muris infection,”’ in the guinea pig cecum after
iota carrageenan ingestion,*® in the rabbit ileum ex-
posed to Shiga toxin,?® and in man in hemosiderosis**
and Whipple’s disease.*> Moreover, they have been
shown to phagocytose apoptotic bodies of epithelial
origin in small intestinal crypts in zinc-deficient
mice.?* In other glandular epithelia, phagocytosis of
apoptotic bodies by intraepithelial macrophages has
been demonstrated repeatedly.'%-!'4°

Movement of macrophages through the intestinal
epithelial basement membrane, seen previously in
rats, mice, and man,***"** was found in the normal
human colon and in the normal and danthron-ex-
posed guinea pig cecum in the present study. Fenes-
trae in the surface epithelial basement membrane,
similar to those caused by migrating mononuclear
cells in small intestine and skin,’*** were demon-
strated by scanning electron microscopy in the cecum
of both normal and treated animals. However, after
danthron, the fenestrae were larger, and irregular de-
fects appeared in the basement membrane at crypt

Table 1—Apoptotic Counts in Surface Epithelium and Lamina
Propria in Normal Large Intestinal Mucosa and
Melanosis Coli in Man*

Normal mucosa Melanosis coli
Epithelium 0.62+0.15 3.41+0.57
Lamina propria 0.84 +0.14 4.21 +0.61

* Means + SEM of counts per intercrypt segment of surface epithelium
and lamina propria. Results in melanosis coli are significantly increased
above corresponding values in normal biopsies (P < 0.001).
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Figure 5—Fenestrae (short arrows) in cecal surface epithelial basement membrane demonstrated by scanning electron microscopy.
b—Guinea pig 6 hours after oral danthron (25 mg/kg). Note irregular defects at crypt margins (long arrows). (X650)

pig. (X650)

margins. These changes were possibly caused by mi-
gration of increased numbers of mononuclear cells or
of larger cells containing phagocytosed apoptotic bod-
ies. The progressive movement of pigmented macro-
phages from superficial to deep lamina propria and
regional nodes during the 2-month period following
cessation of danthron administration was similar to
that seen in Peyer’s patches in mouse ileum after latex
and carbon particle ingestion.>>>

There is evidence that most and possibly all of the
apoptotic bodies observed in the lamina propria soon
after danthron administration were derived from epi-
thelial cells, which had been carried there by macro-
phages. Thus, their incidence paralleled that of
apoptosis in the overlying epithelium, their ultrastruc-
ture indicated an epithelial origin, and they invariably
lay within macrophages, rather than free in the extra-
cellular space. The parallel occurrence of apoptotic
bodies in both epithelium and lamina propria has pre-
viously been observed in the human rectum in
AIDS,*' graft-versus-host disease,*” and cytomegalo-
virus infection (unpublished observation). Cell frag-
ments and chromatin particles, not specifically identi-
fied as apoptotic in origin, have been noted in macro-
phages immediately beneath the epithelium in
normal guinea pig small intestinal villi and colon.'”>
The presence of radiolabel in both the colonic surface
epithelial cells and the lamina propria nuclear frag-
ments 3 days after injection of tritiated thymidine in
one of these experiments>* suggests to us that the latter
originate from epithelial cells. However, whether

a—Normal guinea

apoptosis contributes significantly to normal intesti-
nal epithelial cell turnover is currently unknown.

The pigment produced in guinea pig lamina propria
macrophages after danthron treatment showed histo-
chemical reactions and ultrastructural appearances
similar to those observed in melanosis coli in man.>°
It also closely resembled lipofuscin arising in cellular
autolysosomes induced by various stimuli.>>¢ The
small supranuclear pigment granules in surface epi-
thelial cells in the danthron-treated guinea pigs re-
sulted from autophagic degradation of organelles, as
has been described previously in man.” The abundant
pigment in lamina propria macrophages, on the other
hand, resulted from the degradation of apoptotic bod-
ies in heterolysosomes. The rapid disappearance of
the apoptotic bodies correlates with the relatively
short time required for digestion of cell organelles and
apoptotic bodies by lysosomal enzymes.'>*’ The pro-
gressive accumulation of pigment in the guinea pigs
given daily doses of danthron resulted from repeated
waves of apoptosis in the surface epithelium. The ob-
servation of increased apoptosis in both the epithe-
lium and superficial lamina propria in patients with
melanosis coli suggests that a similar sequence of
events follows repeated ingestion of anthraquinone
purgatives in man. The variability of the apoptotic
counts in biopsies from different patients presumably
relates to varying time intervals between anthraqui-
none ingestion and biopsy. Our clarification of the
mechanism of pigment formation in melanosis coli
leads us to support a previous proposal to rename this
condition “lipofuscinosis coli.”*®



Vol. 131 e No. 3

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

References

. Bockus HL, Willard JH, Bank J: Melanosis coli. The

etiologic significance of the anthracene laxatives: A re-
port of forty-one cases. JAMA 1933, 101:1-6

. Speare GS: Melanosis coli: Experimental observations

on its production and elimination in twenty-three
cases. Am J Surg 1951, 82:631-637

. Wittoesch JH, Jackman RJ, McDonald JR: Melanosis

coli: General review and a study of 887 cases. Dis Colon
Rectum 1958, 1:172-180

. Badiali D, Marcheggiano A, Pallone F, Paoluzi P, Bau-

sano G, Iannoni C, Materia E, Anzini F, Corazziari E:
Melanosis of the rectum in patients with chronic consti-
pation. Dis Colon Rectum 1985, 28:241-245

. Steer HW, Colin-Jones DG: Melanosis coli: studies of

the toxic effects of irritant purgatives. J Pathol 1975,
115:199-205

. Pearse AGE: Pigments and pigment precursors. Histo-

chemistry: Theoretical and Applied. Vol 2. 3rd edition.
Edinburgh, Churchill-Livingstone, 1972, pp 1050-
1100

. Ghadially FN, Parry EW: An electron-microscope and

histochemical study of melanosis coli. J Pathol Bacte-
riol 1966, 92:313-317

. Ghadially FN: Lysosomes, Ultrastructural Pathology of

the Cell and Matrix. 2nd edition. London, Butter-
worths, 1982, pp 435-579

. Schrodt GR: Melanosis coli: A study with the electron

microscope. Dis Colon Rectum 1963, 6:277-283
Walker NI: Ultrastructure of the rat pancreas after ex-
perimental duct ligation: I. The role of apoptosis and
intraepithelial macrophages in acinar cell deletion. Am
J Pathol 1987, 126:439-451

Walker NI, Gobé GC: Cell death and cell proliferation
during atrophy of the rat parotid gland induced by duct
obstruction. J Pathol 1987, 153:333-344

Kerr JFR, Wyllie AH, Currie AR: Apoptosis: A basic
biological phenomenon with wide ranging implications
in tissue kinetics. Br J Cancer 1972, 26:239-257

Wyllie AH, Kerr JFR, Currie AR: Cell death: The sig-
nificance of apoptosis. Int Rev Cytol 1980, 68:251-306
Kerr JFR, Searle J, Harmon BV, Bishop CJ: Apoptosis,
Perspectives on Mammalian Cell Death. Edited by CS
Potten. Oxford, Oxford University Press, 1987, pp 93—
128

Walker NI, Harmon BV, Gobé GC, Kerr JFR: Patterns
of cell death. Methods Achiev Exp Pathol (In press)
Russell NJ, Royland JE, McCawley EL: Danthron in-
duced melanosis coli in the guinea pig. Proc West Phar-
macol Soc 1980, 23:277-280

Russell NJ, Royland JE, McCawley EL: Melanosis coli
in the guinea pig: A light and electron microscopic
study. Proc West Pharmacol Soc 1982, 25:193-195
Purgatives, Martindale. The Extra Pharmacopoeia.
28th edition. Edited by JEF Reynolds. London, Phar-
maceutical Press, 1982, 1362-1369

Low FN, McClugage SG: Microdissection by ultrasoni-
cation: Scanning electron microscopy of the epithelial
basal lamina of the alimentary canal in the rat. Am J
Anat 1984, 169:137-147

Trump BF, Berezesky IK, Osornio-Vargus AR: Cell
death and the disease process: The role of calcium, Cell
Death in Biology and Pathology. Edited by ID Bowen,

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

3s.

36.

37.

PATHOGENESIS OF MELANOSIS COLI 475
RA Lockshin. London, Chapman and Hall, 1981, pp
209-242

Stewart MJ, Hickman EM: Observations on melanosis
coli. J Pathol Bact 1931, 34:61-72

Van Os FHL: Natural anthraquinone laxatives: Old
drugs for modern use. Pharmacy Int 1981, 2:68-70
Brown JP: A review of the genetic effects of naturally
occurring flavonoids, anthraquinones and related com-
pounds. Mutat Res 1980, 75:243-277

Elmes ME, Jones JG: Ultrastructural studies on paneth
cell apoptosis in zinc deficient rats. Cell Tissue Res
1980, 208:57-63

Ijiri K, Potten CS: Response of intestinal cells of differ-
ing topographical and hierarchical status to ten cyto-
toxic drugs and five sources of radiation. Br J Cancer
1983,47:175-185

Ljiri K, Potten CS: Further studies on the response of
intestinal crypt cells of different hierarchical status to
eighteen different cytotoxic agents. Br J Cancer 1987,
55:113-123

Griffiths GD, Leek MD, Gee DJ: The toxic plant pro-
teins ricin and abrin induce apoptotic changes in mam-
malian lymphoid tissues and intestine. J Pathol 1987,
151:221-229

Keenan KP, Sharpnack DD, Collins H, Formal SB,
O’Brien AD: Morphologic evaluation of the effects of
shiga toxin and E coli shiga-like toxin on the rabbit in-
testine. Am J Pathol 1986, 125:69-80

Duncan AMYV, Heddle JA: The frequency and distribu-
tion of apoptosis induced by three non-carcinogenic
agents in mouse colonic crypts. Cancer Lett 1984, 23:
307-311

Kotler DP, Gaetz HP, Lange M, Klein EB, Holt PR:
Enteropathy associated with the acquired immunode-
ficiency syndrome. Ann Intern Med 1984, 101:421-
428

Kotler DP, Weaver SC, Terzakis JA: Ultrastructural
features of epithelial cell degeneration in rectal crypts
of patients with AIDS. Am J Surg Pathol 1986, 10:531-
538

Gallucci BB, Epstein R, Sale GE, Shulman HM, Mc-
Donald GB, Thomas ED: The fine structure of human
rectal epithelium in acute graft-versus-host disease. Am
J Surg Pathol 1982, 6:293-305

Epstein RJ, McDonald GB, Sale GE, Shulman HM,
Thomas ED: The diagnostic accuracy of the rectal bi-
opsy in acute graft-versus-host diseases: A prospective
study of thirteen patients. Gastroenterology 1980, 78:
764-771

Wargovich MJ, Goldberg MT, Newmark HL, Bruce
WR: Nuclear aberrations as a short-term test for geno-
toxicity to the colon: Evaluation of nineteen agents in
mice. J Natl Cancer Inst 1983, 71:133-137

Ronen A, Heddle JA: Site-specific induction of nuclear
anomalies (apoptotic bodies and micronuclei) by car-
cinogens in mice. Cancer Res 1984, 44:1536-1540
Swanbeck G, Zetterberg G: Studies on dithranol and
dithranol-like compounds: I. Binding to nuclei acids.
Acta Derm Venereol (Stockh) 1971, 51:41-44
Zetterberg G, Swanbeck G: Studies on dithranol and
dithranol-like compounds: II. Mutagenicity. Acta
Derm Venereol (Stockh) 1971, 51:45-49



476

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

WALKER ET AL

Tikkanen L, Matsushima T, Natori S: Mutagenicity of
anthraquinones in the salmonella preincubation test.
Mutat Res 1983, 116:297-304

Mori H, Kawai K, Ohbayashi F, Kuniyasu T, Yama-
zaki M, Hamasaki T, Williams GM: Genotoxicity of a
variety of mycotoxins in the hepatocyte primary cul-
ture/DNA repair test using rat and mouse hepatocytes.
Cancer Res 1984, 44:2918-2923

Mori H, Sugie S, Niwa K, Takahashi M, Kawai K: In-
duction of intestinal tumours in rats by chrysazin. BrJ
Cancer 1985, 52:781-783

Mori H, Sugie S, Niwa K, Yoshimi N, Tanaka T, Hir-
ono I: Carcinogenicity of chrysazin in large intestine
and liver of mice. Jpn J Cancer Res 1986, 77:871-876
Potten CS: Extreme sensitivity of some intestinal crypt
cells to x and « irradiation. Nature 1977, 269:518-521
Austin LL, Dobbins WO: Intraepithelial leukocytes of
the intestinal mucosa in normal man and in Whipple’s
disease: A light and electron-microscopic study. Dig Dis
Sci 1982, 27:311-320

Astaldi G, Meardi G, Lisino T: The iron content of jeju-
nal mucosa obtained by Crosby’s biopsy in hemochro-
matosis and hemosiderosis. Blood 1966, 28:70-82
Takeuchi A, Jervis HR, Sprinz H: The globule leuco-
cyte in the intestinal mucosa of the cat: A histochemi-
cal, light and electron microscopic study. Anat Rec
1969, 164:79-100

Dillon SB, MacDonald TT: Functional properties of
lymphocytes isolated from murine small intestinal epi-
thelium. Immunology 1984, 52:501-509

Owen RL, Allen CL, Stevens DP: Phagocytosis of Giar-
dia muris by macrophages in Peyer’s patch epithelium
in mice. Infect Immun 1981, 33:591-601

Engster M, Abraham R: Cecal response to different mo-
lecular weights and types of carrageenan in the guinea
pig. Toxicol Appl Pharmacol 1976, 38:265-282

AJP e June 1988

49. Gobé GC, Axelsen RA: Genesis of renal tubular atro-
phy in experimental hydronephrosis in the rat: Role of
apoptosis. Lab Invest 1987, 56:273-281

50. Komuro T: Fenestrations of the basal lamina of intesti-
nal villi of the rat: Scanning and transmission electron
microscopy. Cell Tissue Res 1985, 239:183-188

51. McClugage SG, Low FN: Microdissection by ultrasoni-
cation: Porosity of the intestinal epithelial basal lamina.
Am J Anat 1984, 171:207-216

52. Warfel KA, Hull MT: Migration of lymphocytes
through the cutaneous basal lamina in normal skin: An
ultrastructural study. Anat Rec 1984, 208:349-355

53. Joel DD, Laissue JA, LeFevre ME: Distribution and
fate of ingested carbon particles in mice. J Reticuloen-
dothel Soc 1978, 24:477-487

54. LeFevre ME, Olivo R, Vanderhoff JW, Joel DD: Accu-
mulation of latex in Peyer’s patches and its subsequent
appearance in villi and mesenteric lymph nodes. Proc
Soc Exp Biol Med 1978, 159:298-302

55. Sawicki W, Kucharczyk K, Szymanska K, Kujawa M:
Lamina propria macrophages of intestine of the guinea
pig. Possible role in phagocytosis of migrating cells.
Gastroenterology 1977, 73:1340-1344

56. Samorajski T, Ordy JM, Keefe JR: The fine structure
of lipfuscin age pigment in the nervous system of aged
mice. J Cell Biol 1965, 26:779-795

57. Ericsson JLE: Mechanism of cellular autophagy, Ly-
somes in Biology and Pathology, Vol 2. Edited by JT
Dingle, HB Fell. Amsterdam, North-Holland, 1969, pp
345-394

58. Ghadially FN: Melanosis coli (Letter). Br Med J 1975,
1:508

Acknowledgments

The authors thank Prof. J. F. R. Kerr for helpful criti-
cisms of the manuscript and Dr. G. R. Walker for statistical
advice.



