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Summary. The effects of chronic treatment (up to 9 consecutive days) with 
7,12-dimethylbenzanthracene (DMBA) on the adrenal glands of adult male 
Wistar rats were investigated. Morphometry  showed that D M B A  provokes 
atrophy of the zona reticularis which was due to the decrease in both cell 
volume and number. The zona fasciculata showed only a decrease in the cell 
volume, whereas the zona glomerulosa did not display any significant 
changes. Autoradiography demonstrated that D M B A  induces a significant 
increase in the number of mitoses and "S"  phase cells in the zona glome- 
rulosa and outer zona fasciculata, which may be interpreted as a repair 
mechanism of the DMBA-provoked  slight necrosis in the inner adrenocorti- 
cal layers. The mechanism(s) underlying the cytotoxic effect of D M B A  is 
discussed in the light of our ultrastructural observations showing that the 
chemical causes a decrease in the volume of the mitochondrial and nuclear 
compartments  and in the surface of smooth endoplasmic reticulum as well as 
an increase in the volume of the lipid compartment.  

Key words: Adrenal cortex - -  7,12-dimethylbenzanthracene - -  Electron 
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Introduction 

Several years ago Huggins and Morii (1961) reported that the intravenous 
administration of 7,12-dimethylbenzanthracene (DMBA) induced massive ne- 
crosis of the inner adrenocortical zones in adult female Sprague~ rats. 
Similar results were not obtained in young animals (Morii and Higgins, 1962). 
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Although many investigators considered this phenomenon to be sex and strain 
specific (Ceils and Goodall, 1965; Marchant, 1967), Horvath et al. (1969) more 
recently described DMBA-induced adrenal necrosis in adult Wistar rats. 

The DMBA-provoked ultrastructural changes in rat adrenocortical cells 
have also been investigated. Horvath et al. (1969) described the short-term 
effects of a single oral administration of 50mg of DMBA in sunflower oil, 
whereas Murad et al. (1973) studied the long-term effects of 3 intravenous 
injections of 2mg of DMBA. Horvath and co-workers (Horvath et al., 1969) 
claimed that the adrenolytic effect of DMBA must be caused by a primary 
damage to the endothelial wall of the adrenal sinusoids; Murad et al. (1973), on 
the contrary, in agreement with the earlier hypothesis (Higgins and Morii, 1961), 
suggested a direct cytotoxic effect of the chemical on adrenocortical cells. 
Contrasting findings were also reported for the mitogenic activity of DMBA on 
the rat adrenal cortex: Murad et al. (1973) demonstrated mitoses in all 3 zones 
of the gland, while Wheatley (1967) and Danz et al. (1973) found mitoses only in 
the outer adrenocortical layers. 

Therefore, it seemed worthwhile to re-investigate the effects of DMBA on the 
ultrastructure and mitotic activity of adrenocortical cells of adult male Wistar 
rats. 

Materials and Methods 

Male adult albino rats (Wistar-derived) of about 200g were used. 

Experiment I. Forty-eight animals were divided into 8 groups. Six groups received i.p. injections of 
25mg/Kg of DMBA (Sigma Chemical Company, St. Louis, Mo, USA) dissolved, according to 
Amlacher et al. (1974), in 0.5ml of dimethylsulphoxide (DMSO) (Sigma) for 1, 3, 4, 5, 6 and 9 
consecutive days, respectively. The other 2 groups served as controls, of which the first received i.p. 
injections of 0.5 ml of DMSO for 9 consecutive days, and the second i.p. injections of 0.5 ml of 
normal saline for the same period. 

The animals were sacrified by cervical dislocation. Each rat's right adrenal was fixed in Bouin's 
fluid for 12h and embedded in paraffin. For each gland 7 pro-thick sections were cut serially and 
stained with hematoxylin-eosin. Fragments of the left adrenal of each animal were fixed in 3% 
glutaraldehyde in 0.1 M cacodylate buffer (Sabatini et al., 1963), post-fixed in 1% OsO 4 in 0.1 M 
phosphate buffer (Millonig, 1961) and embedded in an epoxy resin (Lockwood, 1964). One p_m-thick 
sections were made with an LKB III ultramicrotome, stained with toluidine blue and observed with 
the light microscope to select the 3 adrenocortical zones. Thin sections were counterstained with 
lead-hydroxide (Karnovsky, 1961) and examined in a Hitachi HS-9 electron microscope. 

For morphometric assessments the sampling procedure used was that described elsewhere 
(Nussdorfer et al., 1973, 1974). On the light micrographs of the largest paraffin sections the volume of 
the adrenal gland and of the zona glomerulosa were calculated as described previously (Nussdorfer 
et al., 1973). On the same light micrographs the percent of the gland volume occupied by the zonae 
fasciculata, reticularis and medullaris was estimated by the method of "differential point counting" 
(Weibel, 1969). By multiplying these relative values by the adrenal volume, the volume of the 3 zones 
were then obtained. The volume of the cells from the 3 adrenocortical zones and also the percentile 
volume occupied in each zone by the extracellular space were calculated on light micrographs of the 
1 pm-thick sections at a final magnification of 1,250 (Nussdorfer, 1970). The number of parenchymal 
cells in each adrenocortical zone was then determined by dividing the volume of the zone (minus 
that occupied by the extracellular space) by the cell volume. 

On electron micrographs at a final magnification of 18,000 the cell volume percent occupied by 
the nuclei, mitochondria, lipid droplets and "membrane space" (i.e., the cellular space occupied by 
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the membranes of the smooth endoplasmic reticulum, SER, including Golgi apparatus) (Loud, 1962) 
was determined by the method of "differential point counting" (Weibel, 1969) and the numerical 
density of the mitochondria (i.e., the number of mitochondria per lam a of cell) was calculated 
according to Nussdorfer et al. (1974) and Mazzocchi et al. (1977). On electron micrographs at a final 
magnification of 40,000, the surface concentration of the SER tubules and mitochondrial cristae (i.e., 
lam 2 of SER membranes or mitochondrial cristae per lain 3 of cell) were evaluated by the "crossing 
method" (Loud, 1962). By multiplying these relative stereologic parameters by the mean cell volume, 
the absolute amount of the various subcellular parameters were then obtained. The average volume 
of single mitochondria was calculated by dividing the volume of the mitochondrial compartment by 
the number of mitochondria per cell. 

Experiment II. Thirty-two rats were divided into 8 groups and treated as in Experiment I. Two h 
before sacrifice the animals were given 4gCi/g of 3H-thymidine (Specific activity, 15Ci/mM, New 
England Nuclear Corporation, Frankfurt/M, W-Germany), intraperitoneally. 

The adrenal glands of each animal were processed for optical microscopy as detailed in 
Experiment I. Seven lain-thick sections were processed for autoradiography by dipping the slides into 
Ilford K5 nuclear emulsion (1:4 diluted with double distilled water and melted at 50~ The 
specimens were allowed to dry for 2 h on metal grids inclined at 45 ~ and stored at 4~ in a light- 
proof desiccator for 21 days. The autoradiographs were developed in Kodak D-19 and stained with 
hematoxylin-eosin. 

The number of 3H-thymidine positive parenchymal cells ("S" phase cells) and of mitoses in each 
adrenal zone were counted under the light microscope in 7 randomly chosen specimens from each 
rat. The specimens were then photographed and the percentage of the total area of the micrograph 
occupied by the various adrenal zones was obtained by the method of "differential point counting" 
(Weibel, 1969). The number of mitoses or "S" phase cells per lain 2 of surface area of the various 
adrenal zones was thus determined. 

Statistical Treatment of Results. The data obtained from each rat were averaged per experimental 
group and the standard error was calculated. Student's t-test was used for the statistical comparison 
of the data: the difference between two mean values was considered to be significant if the 
probability of error (p) was found to be less than 0.05. The fitting of the curves (morphometric or 
autoradiographic parameters versus time) was performed by the least square analysis. A two-sided t- 
test (Armitage, 1971) was run to determine whether the slopes differed significantly from each other. 
All the statistical procedures were done with an electronic microcomputer (Olivetti P652/ROM01 
- MLU600). 

Results 

Macroscopic Observations 

A u t o p s y  (1) o f  the  c o n t r o l  ra ts  t r ea t ed  wi th  e i the r  D M S O  or  n o r m a l  sa l ine  d id  

n o t  revea l  any  o b v i o u s  a l t e ra t ion ,  and  (2) o f  a n i m a l s  t r e a t ed  wi th  D M B A  for 1 

o r  3 days  s h o w e d  m a r k e d  p e r i t o n e a l  h y p e r e m i a  and  a t r o p h y  of  the  a d r e n a l  

g lands .  Af te r  the  4th day  of  t r e a t m e n t  the  l iver  was  pa le  and  h y p e r e m i c  and  the  

in t ra -  a n d  r e t r o p e r i t o n e a l  t issues s h o w e d  mi l i a ry  fat necroses ,  as desc r ibed  

ea r l i e r  by D a n z  et al. (1973); the  ad rena l s  were  en la rged .  T h e  l o n g e r  the  

t r e a t m e n t  con t i nued ,  the  m o r e  severe  the  les ions  b e c a m e ;  in t hose  a n i m a l s  

wh ich  had  r ece ived  D M B A  for 9 c o n s e c u t i v e  days,  asci tes  was consp i cuous .  

Histologic Observations 

N o  s igni f icant  q u a l i t a t i v e  n o r  q u a n t i t a t i v e  changes  were  o b s e r v e d  in the  a d r e n a l  

g l ands  o f  the  c o n t r o l  rats  (Tab les  1 and  2). In  the  D M B A - t r e a t e d  a n i m a l s  no  
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Table 1. Effects of DMBA on the volume of the rat adrenal gland 

A.S. Belloni et al. 

Treatment Volume Volume Volume Volume Volume 
of gland of zona of zona of zona of zona 
(mm 3) glomerulosa fasciculata reticularis medullaris 

(mm 3) (mm 3) (mm 3) (mm s) 

None (6) 19.12+2.03 2.16+0.39 13.06+1.40 2.84+0.39 0.96+0.22 
DMSO (6) 18.87+1.99 2.14+0.38 12.94+1.54 2.78+0.41 1.01+0.26 

Po NS NS NS NS NS 
1-Day (6) 15 .86+1.61  1.92+0.30 1 0 . 6 7 + 1 . 0 1  2.34+0.32 0.89+0.20 

Po < 0.01 NS < 0.01 < 0.02 NS 
3-Days (6) 15.70_+1.58 1.90+0.29 10.51+1.03 2 .37_+0.29 0.96_+0.21 

Po <0.01 NS <0.01 <0.05 NS 
4-Days (6) 15.82_+1.70 2 .01_+0.43  1 0 . 7 0 + 1 . 1 1  2.05+0.31 1.06-+0.23 

Po < 0.01 NS < 0.01 < 0.02 NS 
NS NS 

5-Days (5) 16.54_+ 1.71 1.94_+0.36 11.74-+ 1 .09  1.85_+0.23 1.01 _+0.22 
P0 < 0.02 NS < 0.05 < 0.01 NS 
P3 NS <0.05 

6-Days (6) 16.72+ 1 .69  2.04+0.41 12.12+ 1.23 1.41 +0.18 0.95 +0.23 
Po < 0.02 NS NS < 0.01 NS 
P3 NS <0.01 

9-Days (5) 17.75 -+ 1.82 2.17 +0.47 13.51 -+ 1.42 1.09 -+0.15 0.98 +0.21 
Po NS NS NS <0.01 NS 
P3 < 0.05 < 0.01 

The number of animals in each group is indicated in parentheses. Each value represents the group 
mean _+SE. Po, level of significance of the difference from the control normal saline-treated group; 
P3, level of significance of the difference from the 3-days DMBA-administered rats. NS, not 
significant 

evidence of massive necrosis  of  the inner  po r t i on  of  the g land was found, 
a l though  numerous  pykno t i c  nuclei  were present  in the zona  ret icular is  par t icu-  
lar ly  after 6 or  9 days  of  t rea tment .  

Quan t i t a t i ve  eva lua t ions  (Table  1) showed tha t  the vo lume of  the g land 
decreased  signif icantly up to the 3rd day  of  t r ea tment  and  thereaf ter  increased 
l inear ly  from the 4th to the 9th day  of D M B A - a d m i n i s t r a t i o n .  The vo lume of 

the zona  g lomeru losa  and zona  medul la r i s  d id  not  d isp lay  significant changes,  
and  tha t  of the zona  fasciculata  closely fol lowed the var ia t ions  in the vo lume of 
the  ent ire  gland.  The vo lume of the zona  ret icular is  decreased  l inearly with the 
n u m b e r  of  days  of  D M B A - a d m i n i s t r a t i o n ( F i g .  1A).The effects of D M B A  on the 
cell vo lume var ied  accord ing  to the adenocor t i ca l  zone (Table  2): the vo lume of 

the cells in the zonae  fasciculata  and  ret icular is  decreased l inearly.  However  the 
rate  of  decrease  in this p a r a m e t e r  in the zona  ret icular is  was signif icantly higher  
(P <0.01) than  in the zona  fasciculata  (Fig.  1 B). The  n u m b e r  of cells (Table  2) in 
the  zona  g lomeru losa  did  not  show significant var ia t ion ,  while tha t  in the zona  

fasciculata  after a significant decrease  up to the 3rd-4th day  of  t rea tment ,  
increased l inearly.  In  contrast ,  this p a r a m e t e r  in the zona  ret icular is  decreased 
l inear ly  as a funct ion of the du ra t i on  of  D M B A - a d m i n i s t r a t i o n  (Fig. 1 C). 
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Fig. 1A- -C .  Graphs  showing the chan- 
ges in the volume of gland and of the 4"1~ 
adrenal zones (A), in the volume of cells 
(B) and in the number  of parenchymal 
cells (C) as a function of the number  of 
days of DMBA-treatment .  * - -A,  2'10 6. 
adrenal gland; o - - o ,  zona glomerulosa; 
e - - e ,  zona fasciculata; e - - e ,  zona 
reticularis. Standard errors and the level 
of significance of the changes are shown 
in Tables 1 and 2 
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Autoradiographic Observations 

Neither mitoses nor "S"  phase cells were found in the zona reticularis and zona 
medullaris. Mitoses and "S"  phase cells were observed only in the zona 
glomerulosa and outer zona fasciculata (Fig. 2) of both control and treated rats. 
There were no significant differences between DMSO- and normal saline-treated 
animals. The number of mitoses and thymidine-positive cells increased linearly 



200 A.S. Belloni et al. 

0 

0 

0 
< 

r4 

0 0 r r  

+1 +1 

+1 +1 

, d  

+1 +1 

+1 +1 +1 +1 +1 +1 

o ~ 

+1 +1 +1 +1 +1 +1 

o ~ o ~- ~ ~ 

+I +I +I +I +I +I 

~ z  ~ ~ ~" 

+1 +1 +1 +1 +1 +1 +1 +1 
'~. ~ ~. ~ - -  ~ . - -  ~ . - -  , - : _  ~ . _  

~ ~ Z  ~ 

+1 +1 -H -H 4-1 q-I -t-I -H 

~ ,--~ Z ,..~ Z ,..~ V , . ~ V  

+1 -H +1 -I-I +1 -H +1 4-1 

O 

O 

"~Z 

+1 "~ 

=~ 



Effect of DMBA on Adrenals 201 

Fig.2. Autoradiograph of the outer adrenocortical layers: C, capsule; G, zona glomerulosa; F, zona 
fasciculata. Many "S" phase cells are present in the zona glomerulosa and outer zona fasciculata. A 
mitosis is encircled. In the inner zona fasciculata thymidine-positive cells are mainly of the 
mesenchymal type (arrows). x 480 

in the zona glomerulosa of the DMBA-treated rats (Fig. 3). Similar findings were 
obtained in the zona fasciculata, but the increase was significantly less con- 
spicuous (P <0.01) than in the zona glomerulosa. 

U ltrastructural Observations 

The fine structure of the normal rat adrenocortical cells has been described in 
numerous previous papers (for review see Idelman, 1970), and will be considered 
here only briefly. 

The cells of the zona glomerulosa contained elongated mitochondria with 
tubular cristae, few SER tubules, numerous free ribosomes and abundant lipid 
droplets. The cells of the zona fasciculata showed round mitochondria with 
vesicular cristae, and an abundant meshwork of anastomosed SER tubules 
intermingled with many free ribosomes. Lipid droplets and primary lysosomes 
were also quite numerous. In the zona reticularis the cells displayed round 
mitochondria containing both vesicular and tubulo-convolute cristae, abundant 
SER profiles and free ribosomes. The lipid droplets were scanty, whereas a fair 
number of primary lysosomes as well as some lipofuscinic pigment inclusions 
were found, especially in the cells located in the inner juxtamedullary portion of 
this zone. 
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Fig. 3A and B. Graphs showing the increase in the number of mitoses (A) and "S" phase cells (B) per 
mm 2 of section area of the zona fasciculata (e--e) and zona reticularis (o--o) as a function of the 
duration of DMBA-treatment. Standard arrors are indicated 

No qualitative nor quantitative changes were observed either in the DMSO- 
or in the 1 day DMBA-treated animals (Tables 3~).  The prolonged DMBA- 
treatment did not induce ultrastructural alterations in the cells of the zona 
glomerulosa (Table 3), except for occasional mitoses. After 3 days of DMBA- 
administration, qualitative ultrastructural changes were found both in the zona 
fasciculata and in the zona reticularis: lipid droplets seemed more abundant 
(Fig. 4) and giant mitochondria, some bizarre (Fig. 5), other regular in shape 
(Fig. 6) were observed. Often mitochondria contained electron-opaque intra- 
matrical inclusions (Figs. 7 and 8). The Golgi apparatus was small and fragmented. 
These changes were increased by prolonged treatment and were most apparent 
in the zona reticularis cells. After the 4th day of treatment numerous mitochon- 
dria of degenerate appearance and an unusual number of autophagic vacuoles 
containing mitochondrial debris were found in both zones (Figs. 9 and 10). In 
the zona reticularis of the treated animals images suggesting cell degeneration 
and destruction were frequently seen. The affected cells showed shrinkage and 
condensation of nucleus and cytoplasm, resulting in a severe accumulation of 
lipid droplets and irregularly-shaped membrane-bound residual bodies (Fig. 11). 
These cells seemed to be deleted just into the subendothelial space, where they 
were ingested by pericytes (Fig. 12). No similar degenerate cells were observed 
within the sinusoids. 

Stereologic data for the zona fasciculata and zona reticularis cells are shown 
in Tables 4, 5 and 6. The cells showed a significant linear decrease in the volume 



Table 3. Morphometric parameters per single cell of rat adrenal zona glomerulosa after DMBA-treatment 

Treatment Volume of Volume of Volume of Membrane Surface of Surface of 
nuclei mitochondrial lipid space mitochondrial smooth 
(It m3) compartment compartment (lam 3) cristae endoplasmic 

(lam 3) (lam 3) (lam 2) reticulum 
(lam 2) 

None (6) 86.4_+9.3 99.6_+10.1 60.8_+7.0 322.5_+39.7 806.1+ 98 .5  3,512.6_+400.1 

DMSO (6) 85.7_+8.9 100.5_+11.4 70.2_+8.4 286.4_+34.8 819.5_+ 96.0 3,330.9_+381.3 
Po NS NS NS NS NS NS 

1-Day (6) 83.2_+9.0 101.0_+11.3 56.5_+5.3 298.1_+30.6 901.3_+103.5 3,129.7+405.8 
Po NS NS NS NS NS NS 

3-Days (6) 79.8_+8.7 95.4_+10.2 57.2_+6.6 317.8_+32.2 859.4_+ 96 .7  3,457.8_+451.6 
Po NS NS NS NS NS NS 

4-Days (6) 78.6_+8.2 103.6_+11.2 59.2_+6.1 296.7_+29.7 900.6_+121.4 3,292.6_+398.5 
Po NS NS NS NS NS NS 

5-Days (5) 80.9_+8.5 97.4_+ 9.5 61.8_+5.8 309.2_+30.7 861.5_+ 98 .9  3,450.7_+406.8 
Po NS NS NS NS NS NS 

6-Days (6) 88.7_+9.3 100.8_+ 9.8 60.4_+5.6 295.1_+30.2 898.4_+100.1 3,310.1_+407.9 
Po NS NS NS NS NS NS 

9-Days (5) 86.5_+8.7 97.4_+10.2 56.5_+6.1 327.8_+39.4 872.5_+ 95 .6  3,498.5+451.0 
Po NS NS NS NS NS NS 

The number of animals in each group is indicated in parentheses. Each value represents the group mean 
_+ SE. Po, level of significance of the difference from the control normal saline-administered group. NS, not 
significant 

Table 4. Morphometric parameters per single cell of rat adrenal zona fasciculata after DMBA-treatment 

Treatment Volume of Volume of Volume of Membrane Surface of Surface of 
nuclei mitochondrial lipid space mitochondrial smooth 
(lam a) compartment compartment (It m3) cristae endoplasmic 

(lam 3) (lam 3) (lam2) reticulum 
(lam 2) 

None (6) 

DMSO (6) 
eo 

1-Day (6) 
Po 

3-Days (6) 
Po 

4-Days (6) 
Po 

5-Days (5) 
Po 

6-Days (6) 
eo 

9-Days (5) 
Po 

136.6+14.0 650.2+64.3 134.3+12.7 896.5+90.4 8,582.6+901.0 12,371.2+1,342.8 

138.2+13.9 649.8___60.6 135.7___13.1 932.8+94.3 8,459.5+898.5 12,768.4+1,409.2 
NS NS NS NS NS NS 

125.2+11.8 635.1+60.2 142.1+13.2 869.2+85.3 8,382.0+856.7 11,908.5+1,252.6 
NS NS NS NS NS NS 

117.4+11.2 612.5+59.4 142.5+12.8 854.3+80.6 7,956.6___809.4 11,703.9-t-1,269.8 
< 0.01 NS NS NS NS NS 

116.5+12.0 625.3+60.0 141.6+14.1 876.8+86.2 8,122.5+849.0 11,924.6+1,308.5 
<0.01 NS NS NS NS NS 

119.7+12.6 560.8+50.2 148.2+14.5 810.1+79.9 7,234.3+720.9 10,935.2+1,095.4 
< 0.02 < 0.01 < 0.05 < 0.05 < 0.05 < 0.0l 

108.0+ 8.6 545.1_+51.8 150.5+16.2 807.3+79.8 6,977.2+706.2 10,622.4+ 995.4 
<0.01 <0.01 <0.01 <0.05 <0.01 <0.01 

109.5_+ 9.0 506.4_+52.4 169.7+17.4 757.6_+68.3 6,380.6+678.2 10,070.2___ 993.6 
<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

The number of 
+SE. Po, level 
significant 

animals in each group is indicated in parentheses. Each value represents the group mean 
of significance of the difference from the control normal saline-treated group. NS, not 



Table 5. Morphometric parameters per single cell of rat adrenal zona reticularis after DMBA-treatment 

Treatment Volume of Volume of Volume of Membrane Surface of Surface of 
nuclei mitochondrial lipid space mitochondrial smooth 
(i.tm 3) compartment compartment (lam 3) cristae endoplasmic 

(~tm a) (~tm 3) (p_m 2) reticulum 
(l~m 2) 

None(6) 95.44- 9.0 500.24-50.1 69.84- 6.5 486.24-45.3 6,750.04-700.8 6,806.84-706.2 

DMSO (6) 96.14-10.5 510.44-58.2 68.34- 7.2 474.74-46.9 6,824.64-734.3 6,790.14-698.2 
Po NS NS NS NS NS NS 

1-Day(6) 95.34- 9.8 462.34-42.6 70.34- 7.1 459.64-42.4 6,194.84-599.0 6,388.44-657.2 
Po NS NS NS NS NS NS 

3-Days (6) 90.14-10.6 385.24-38.2 78.24- 7.4 447.34-45.3 4,990.64-507.6 6,123.94-618.3 
Po NS < 0.01 < 0.05 NS < 0.05 < 0.01 

4-Days (6) 80.44- 9.1 362.44-39.2 85.34- 8.6 425.34-39.8 4,856.2+497.6 5,784.1+602.8 
Po < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

5-Days(5) 85.34- 8.4 320.14-30.4 90.44- 8.4 425.24-43.1 4,225.34-432.4 5,800.54-595.0 
Po <0.05 <0.01 <0.01 <0.02 <0.01 <0.01 

6-Days (6) 79.44- 7.6 300.84-31.1 99.24- 9.0 352.44-36.2 3,910.64-382.7 4,757.44-495.1 
Po <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

9-Days(5) 70.1+ 6.9 240.34-28.9 117.14-12.5 285.14-29.4 3,123.94-322.5 3,734.74-394.1 
Po <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

The number of animals in each group is indicated in parentheses. Each value represents the group mean 
___ SE. Po, level of significance of the difference from the control normal saline-treated control group. NS, not 
significant 

Table6. Effects of DMBA on the volume and number of rat adrenocortical mitochondria 

Treatment Average volume of single mitochondria (ktm 3) Number of mitochondria per cell 

Zona Zona Zona Zona Zona Zona 
glomerulosa fasciculata reticularis glomerulosa fasciculata reticularis 

None (6) 
DMSO (6) 

Po 

1-Day (6) 
Po 

3-Days (6) 
Po 

4-Days (6) 
P0 

5-Days (5) 
Po 

6-Days (6) 
Po 

9-Days (5) 
Po 

0.191+0.020 0.548+0.051 0.560+0.057 521.5+58.3 1,186.5+120.6 893.2+_88.6 
0.194_+0.019 0.551+0.052 0.562+-0.063 518.0+-50.4 1,178.3+-119.5 908.1+_94.2 

NS NS NS NS NS NS 

0.200+0.022 0.5524-0.054 0.5444-0.055 505.24-54.6 1,150.54-112.4 849.84-80.7 
NS NS NS NS NS NS 

011894-0.019 0.5504-0.049 0.5624-0.052 504.74-60.2 1,113.64-109.5 667.5+70.4 
NS NS NS NS NS < 0.01 

0.192+0.023 0.5314-0.051 0.5424-0.051 539.64-60.1 1,177.1+120.6 668.64-70.1 
NS NS NS NS NS <0.01 

0.1894-0.020 0.5004-0.048 0.5254-0.050 515.34-54.2 1,121.24-107.4 609.74-63.4 
NS < 0.05 NS NS NS < 0.01 

0.2014-0.026 0.505+0.049 0.500___0.048 501.5+56.0 1,078.84- 98.8 601.64-59.4 
NS <0.05 <0.05 NS <0.05 <0.01 

0.1954-0.021 0.4824-0.047 0.4614-0.047 499.44-53.7 1,050.6+ 99.4 521.74-55.7 
NS < 0.02 < 0.02 NS < 0.05 < 0.01 

The number of animals in each group is indicated in parentheses. Each value represents the group mean 
4-SE. Po, level of significance of the difference from the control normal saline-treated group. NS, not 
significant 



Fig. 4. Cell of the inner portion of the zona fasciculata of a 5 days-DMBA-treated rat. Lipid droplets 
(ld) are very numerous. • 15,000 

Fig.5. Zona reticularis of a 9 days DMBA-treated rat. Frequently pleomorphic giant mitochondria 
containing cristae arranged in bizarre patterns (arrows) are observed, x 12,000 

Fig. 6. A regularly-shaped giant mitochondria (maximum diameter about 3 ~tm) in a cell of the inner 
portion of the zona fasciculata of a rat after 6 days of DMBA-administration. x 19,000 



Fig. 7. Zona reticularis of a 4 days DMBA-treated rat. Mitochondria frequently contain intramatri- 
cal osmiophilic inclusions (arrows). ld, lipid droplets, x 21,000 

Fig.8. Mitochondrion with an osmiophilic inclusion in a zona fasciculata cell from a 3 day DMBA- 
treated rat. x 25,000 

Fig.9. The arrow indicates an autophagic vacuole containing mitochondrial debris in a zona 
reticularis cells of a 5 days DMBA-treated rat. x 26,000 

Fig. 10. Zona fasciculata cell of a 6 days DMBA-treated rat. The asterisk marks a degenerate 
mitochondrion, ld, lipid droplet, x 26,000 



Fig. l l .  Zona reticularis of a 6 days DMBA-treated rat. The arrow indicates a degenerate cell 
containing many lipid droplets (ld) and irregularly-shaped residual bodies (asterisk). The adjacent 
cell displays well preserved ultrastructural features, x 17,000 

Fig. 12. Zona reticularis of a 9 days DMBA-treated rat: a macrophage containing fragments of 
adrenocortical cells, ld, liquid droplets; L, lysosomes; asterisk, residual body; av, autophagic 
vacuole. • 17,500 
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Fig. 13A-F.  Graphs showing the changes in the volume of the nuclear compartment (A), the 
mitochondrial compartment (B), the lipid compartment (C), the "membrane space" (D), and in the 
surface of the mitochondrial cristae (E) and SER membranes (F) in the zona fasciculata (e--e)  and 
zona reticularis cells (n-- i )  as a function of the number of days of DMBA-treatment. Standard 
errors and the levels of significance of the changes are shown in Tables 4 and 5 

of  the nuclei,  m i tochondr i a l  c o m p a r t m e n t  and  " m e m b r a n e  s p a c e "  as well as in 
the surface of  SER tubules  and mi tochondr i a l  cr is tae (Fig. 13A, B, D, E, F). 
In  contras t ,  the vo lume of  the l ipid c o m p a r t m e n t  increased l inearly as a funct ion 
of  the number  of  days  of  D M B A - a d m i n i s t r a t i o n  (Fig.  13C). These changes,  
except those  concern ing  nuclei and  SER,  were found  to be s ignif icant ly more  
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Fig. 14A and B. Graphs showing the changes in the average volume of single mitochondria (A) and 
in the number of mitochondria per cell (B) in the zona fasciculata (o--o)  and zona reticularis (m m) 
as a function of the number of days of DMBA-treatment. Standard errors and the levels of 
significance are shown in Table 6 

conspicuous in the zona reticularis cells than in the zona fasciculata elements 
(P<0.05) (Fig. 13). The average volume of single mitochondria showed no 
significant changes up to the 3rd day of treatment, and thereafter it decreased 
significantly(Fig. 14A).The number of mitochondria per cell decreased linearly 
in both zones as a function of the duration of DMBA-treatment, the rate of 
decrease being significantly higher in the zona reticularis than in the zona 
fasciculata (P <0.01) (Fig. 14B). 

Discussion 

Like Danz et al. (1973), we found that chronic DMBA treatment was unable to 
induce massive hemorragic necrosis in the inner adrenal zones of adult male 
Wistar rats. However, morphometry indicates that DMBA induced a con- 
spicuous decrease in the volume of the zona reticularis because of the decrease 
in both cell number and volume. The DMBA-provoked atrophy of the zona 
reticularis cells is likely to have caused the death and, consequently, the deletion 
of the degenerate elements from this zone. This view is confirmed by the 
demonstration that cell degeneration processes, similar to those described by 
Willie et al. (1973a, b), occurred in the zona reticularis of DMBA-treated 
animals. 

The volume of the zona fasciculata showed a transient decrease up to the 3rd 
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day of treatment, which was due to a decrease in both cell number and volume. 
The presence of images indicating cell degeneration in the inner juxtareticular 
portion of the zona fasciculata suggests that a mechanism similar to that 
described for the zona reticularis is also operative in the zona fasciculata of 
DMBA-treated rats. Nevertheless, from the 4th to the 9th day of treatment the 
volume of the zona fasciculata displayed a significant increase, which was 
obviously due solely to the increase in the cell number, since the average cell 
volume showed a slight but significant decrease during the entire experimental 
period. These findings together with the observation, that proliferative processes 
are present only in the zona glomerulosa and to a lesser extent in the outer zona 
fasciculata (which differs from the results of Murad et al., 1973), and that the 
number of cells in the zona glomerulosa does not vary during DMBA- 
treatment, suggest that a continuous flow of new-formed elements from the zona 
glomerulosa to the zona fasciculata could mask the DMBA-induced cell death 
occurring in the inner portion of the zona fasciculata. Hence, the decrease in the 
average volume of the cells in the zona fasciculata could be due not only to the 
DMBA-provoked cell atrophy in the inner portion of this zone, but also to the 
fact that the newly formed cells migrating to the outer zona fasciculata have 
very probably less volume than the mature elements. The lack of significant 
variations in the average volume of the zona glomerulosa cells during DMBA- 
treatment might be the result of a balance between the number of growing cells 
in the premitotic phase and the rate of cell division. 

In conclusion, the present morphometric and autoradiographic data can be 
interpreted by assuming that DMBA-induced cell atrophy and death into the 
inner fasciculata and reticularis zones causes a continuous flow of newly formed 
elements from the zona glomerulosa into the outer zona fasciculata. It seems 
reasonable, therefore, to advance the hypothesis that the mitogenic effect of 
DMBA may be the expresion of a repair mechanism triggered by its only 
morphometrically appreciable adrenolytic effect. Furthermore, we wish to stress 
that our data are consistent with those obtained in the adrenal enucleation 
experiments (for review see Long, 1975). 

The mechanism underlying the DMBA-produced atrophy and death of the 
cells in the inner layers of the adrenal cortex requires further comment. 

Obvious alterations were not seen in the endothelial wall in the adrenal 
cortex of DMBA-treated animals, so that cell death caused by ischaemic cellular 
alterations, as suggested by Horvath et al. (1969), can be excluded here. Instead, 
our findings seem to be consistent with the view that DMBA, or its metabolites 
produced in the liver (Boyland and Sims, 1967; Sydnor and Flesher, 1969) exerts 
a direct cytotoxic effect on adrenocortical cells (Boyland et al., 1965; Marchant, 
1967; Murad et al., 1973). According to Dale and Scutchfield (1969), because of 
the steric resemblance of the molecules of DMBA and hydrocortisone, DMBA 
can exert a competitive inhibition of the l l/~-hydroxylase system, which is 
located on the mitochondrial cristae (Satre et al., 1969; Dodge et al., 1970; 
Tamaoki, 1973). The fact that the subcellular alterations induced by DMBA 
mainly affect the mitochondrial compartment would seem to support this view. 
The impairment of the l l/~-hydroxylating activity may explain the unusual 
number of mitochondrial intramatrical inclusions, which, according to Friend 
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and Brassil (1970), are to be interpreted as intramitochondrial accumulation of 
steroid-hormone precursors which cannot undergo further elaboration. The 
DMBA-induced alteration of mitochondrial activity might have provoked mor- 
phologic alterations in these organelles and subsequent degeneration ending in 
atrophy of the mitochondrial compartment. The increase in the volume of the 
lipid compartment also fits well with this hypothesis, since the lipid droplets 
contain cholesterol or cholesterol-esters (Moses et al., 1969; Sand et al., 1972) 
which are the most important precursor of steroid hormones. 

However, our data are not quite comparable with those obtained by treating 
rats with metopirone, an inhibitor of the mitochondrial 11/3-hydroxylase (Mag- 
alh~es and Magalh~tes, 1969). Indeed, these investigators, although finding 
atrophy of the mitochondria compartment in the zona fasciculata cells, reported 
a significant hypertrophy of SER. Obviously the metopirone-induced block in 
the synthesis and secretion of definitive hormonal steroids would increase 
ACTH-secretion, due to the lack of the negative feed-back mechanism regulat- 
ing the hypothalamo-hypophysial-adrenal axis (for review see Motta et al., 1969) 
and ACTH is known to induce the proliferation of SER (Idelman, 1970; 
Nussdorfer et al., 1971; Malamed, 1975). However, our results showed an 
evident SER decrease in the atrophic cells of DMBA-treated rats. This finding, 
although not excluding the possibility that the mechanism of DMBA action 
may involve the inhibition of the llfl-hydroxylase system, suggests that ad- 
ditional mechanism(s) may underlie the DMBA-provoked adrenocortical cell 
atrophy. 

The ACTH-induced maintenance or stimulation of adrenocortical cell growth 
seems to require continuous cytoplasmic and mitochondrial protein syn- 
thesis (Farese, 1968; Ichii et al., 1970; Nussdorfer and Mazzocchi, 1972, 1973). 
Moreover, corticosterone was shown to inhibit directly the trophism of the rat 
adrenocortical cells both in vivo (Nussdorfer and Mazzocchi, 1970) and in vitro 
(Kahri, 1973) and we have demonstrated that this effect of the hormone could be 
due to the inhibition of mitochondrial and nuclear DNA-dependent protein 
synthesis (Nussdorfer and Mazzocchi, 1971). At present we are investigating 
whether DMBA could interfere with the translation or transcription processes of 
adrenocortical cells, in addition to exerting competitive inhibition of l lfl- 
hydroxylase. This working hypothesis is supported also by the fact that DMBA- 
provoked cell atrophy is coupled with an evident decrease in the nuclear 
volume, which is known to be a parameter for the crude evaluation of nuclear 
function (Palkovitz and Fischer, 1968). 

This mechanism of the action of DMBA would also explain the decrease in 
the surface of mitochondrial cristae and in the average volume and number of 
mitochondria in the atrophic cells, since a similar decrease was found to be 
induced in the rat zona fasciculata cells by chronic treatment with chloramphe- 
nicol, a quite specific inhibitor of mitochondrial protein synthesis (Mazzocchi et 
al., 1977b). Furthermore, we should recall that giant mitochondria originating 
from the fusion of pre-existing organelles were constantly observed in adreno- 
cortical cells of hypophysectomized (Volk and Scarpelli, 1966; Canick and 
Purvis, 1972) or dexamethasone-treated rats (Nussdorfer et al., 1975) as well as 
in the hepatocytes of protein-starved (Svoboda et al., 1966) or ethidium 
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bromide-treated rats (Albring et al., 1973) and that mitochondrial fusion was 
interpreted as a mechanism for repairing the deficit in the synthesis of the 
proteins of the outer mitochondrial membranes (Tandler et al., 1968). 

Whatever the mechanism of DMBA action may be, it is quite difficult to 
explain why cell atrophy and death are found only in the inner adrenal zones. In 
fact, active 11 fl-hydroxylase systems are contained also in the zona glomerulosa 
mitochondria (for review see Tamaoki, 1973) and continuous protein synthesis is 
necessary for the maintenance of growth of this adrenal zone (Mazzocchi and 
Nussdorfer, 1974; Mazzocchi et al., 1977a). 

If the "migration theory" (for review see Long, 1975) is accepted, the cells in 
the inner zona fasciculata and the zona reticularis are the oldest, and it is 
reasonable to suppose that these exhausted cells are more susceptible to the 
action(s) of DMBA than the younger elements contained in the outer adreno- 
cortical layers. 
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