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Abstract. To examine the effect of unilateral adrenalectomy on compensatory growth and ster-
oidogenesis in the remaining adrenal gland, we determined the tissue concentrations of protein, DNA 
and corticosterone in the remaining adrenal gland and the circulating corticosterone and ACTH 
concentrations at 1, 3, 5, 7 and 14 days after unilateral adrenalectomy in male rats. The remaining 
adrenal weight and total protein content increased steadily over the 14 days after the operation, while 
the plasma ACTH increased transiently on the 1st day. The adrenal total DNA level was not significantly 
changed after unilateral adrenalectomy, whereas the protein/DNA ratio was significantly increased by 
the 14th day. These findings suggest that compensatory growth is not induced by an increase in ACTH 

and that hypertrophy may occur rather than hyperplasia in the remaining gland. The serum 
corticosterone levels and corticosterone concentration in the remaining gland were significantly 
increased by the 3rd day, when the plasma ACTH levels returned to normal. The aldosterone/ 
corticosterone ratio in the remaining gland did not change during the experiment. These results 
indicate that steroidogenesis stimulating factors other than ACTH may be present and stimulate rather 
the early stages than the late stages of steroidogenesis under conditions of unilateral adrenalectomy.
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IT IS KNOWN that, following unilateral adre-
nalectomy, compensatory adrenal growth occurs 

in the remaining gland. Such compensatory 

growth was previously believed to result from an 
increase in ACTH secretion due to temporarily 
low glucocorticoid production [1]. However, it has 

been reported that the plasma ACTH levels and 

plasma corticosterone levels in unilateral adre-
nalectomized rats remained unchanged as com-

pared to those of sham-operated rats except in the 
early period after the operation [2]. Dallman [3]
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indicated that the adrenal wet weight, DNA, 

protein and cell number increased in the early 
stages (12-24 h) after unilateral adrenalectomy. 
Nevertheless, what stimulates the growth in the 

remaining gland and whether hyperplasia or 
hypertrophy occurs is not yet completely estab-
lished, and the adrenal steroid concentration in 

the remaining gland was not determined. To 
evaluate the effects of unilateral adrenalectomy on 

steroidogenesis and compensatory growth in the 
remaining gland, we measured the concentrations 

of corticosterone and ACTH in blood, and tissue 
contents of DNA, protein and steroids in the 

remaining adrenal gland at 1, 3, 5, 7 and 14 days 
after unilateral adrenalectomy in male rats.
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          Materials and Methods 

  Eight-week-old male Wistar rats, weighing 
250-300 g, were used. Four rats per cage were 
housed for 2 weeks in an artificially lighted room 
with an automatically controlled light cycle (lights 
on from 0600-1800 h) and a room temperature of 
24°C. Rat chow and water were made available ad 
libatum. The rats were anesthetized with pentobar-
bital sodium in an intraperitoneal injection of 40 
mg/kg body weight. The right adrenal gland was 
removed through a dorsal midline skin incision. 
Groups of rats were killed by decapitation in the 
morning (0900-1000 h) before the operation (day 
0) and on the 1st, 3rd, 5th, 7th and 14th days after 
the operation. Blood was collected in ice-cooled 
tubes. Following confirmation of no subadrenal 

gland, the adrenal gland was cleaned of fat and 
connective tissue, and then weighed. 

  The whole adrenal gland was homogenized in 2 
ml of 33% ethanol containing 0.55 pmol 19-
nortestosterone (19-NT) as an internal standard. 
The homogenate was washed with 5 ml hexane, 
and the washed material was centrifuged after the 
addition of 5 ml dichloromethane and 0.25 ml of 1 
N NaOH. The supernatant was aspirated and 
discarded. The residue was washed with 1 ml of 
0.01 N NaOH and 1 ml H2O. After washing, the 
extracted solution was dried under N2 gas. Extrac-
tion of steroids from the plasma was performed by 
a similar method to that for the adrenal gland. 
The serum steroid levels and steroid contents of 
the adrenal gland were measured by high per-
formance liquid chromatography (HPLC) [4-8]. 
Corticosterone and aldosterone were clearly sepa-
rated by their single peaks and retention times 

(corticosterone; 10.6 min, aldosterone 5.4 min) of 
HPLC. The plasma ACTH assay was performed 
with a 125I-labelled ligand. Sensitivity of the assay 
was 7 pg/ml. The intra-assay coefficient of varia-
tion was 10%. Samples from each experiment was 
assayed in a single run to avoid interassay varia-
tion. There was 0.2-0.5% cross-reactivity with 
cr-melanocyte-stimulating hormone but no cross-
reactivity with ACTH (25-39) [9]. The DNA in the 
remaining adrenal gland was estimated by the 
diphenylamine method [10], and protein content 
was measured by Lowry's method [1 1 ]. 
 All values are shown as the means and the 

standard error (SE). One way analysis of variance 
was employed for statistical analysis.

                Results 

 As shown in Fig, 1, the remaining adrenal 
weight was significantly increased at the 1st, 5th, 

7th and 14th days after the operation (P<0.05). 
The protein in the remaining adrenal gland was 

also significantly increased at the 7th and 14th 
days as compared to before the operation 

(P<0.05). The adrenal DNA was not significantly 
different before and after the operation (P>0.05). 
As shown in Fig. 2, no significant change in the
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protein/DNA ratio was observed for 7 days after 
the operation, however the ratio revealed a signi-
ficant increase at the 14th day (P<0.05). The 

protein/adrenal weight ratio did not change signi-
ficantly at the 14th day as compared to before the 

operation (126.4± 10.5 vs. 126.3±8.6, not signi-
ficant), while the DNA/adrenal weight ratio was 

significantly decreased at the 14th day as com-

pared to before the operation (2.18±0.15 vs. 
3.25±0.24, P<0.05). 

 The serum and adrenal corticosterone levels in 
the unilateral adrenalectomized rats are shown in 

Fig. 3. The serum corticosterone level exhibited a 
significant increase (P<0.05) at the 3rd day after

the operation. The corticosterone concentration in 

the remaining gland was much higher values 

(P<0.05) on the 3rd day than before the opera-
tion. As shown in Fig. 4, circulating ACTH was 

quite high (P<0.05) 1 day after unilateral adre-
nalectomy, but returned to the control level after 3 

days. The alterations in the aldosterone/cortico-

sterone ratio in the remaining adrenal gland are 
shown in Fig. 5. There was virtually no change in 
the unilateral adrenalectomized rats.

Fig . 3. Changes in serum corticosterone levels and corticosterone content 
    in the remaining adrenal gland. LI, serum corticosterone level; •, 

    corticosterone content in the adrenal gland. The data are the 
    mean ± SEM (n=5). *, P<0.05, significant difference compared to 
    Day 0 (the day before the operation).

Fig. 4. Changes in plasma ACTH levels after unilateral 
adrenalectomy. The data are the mean ± SEM 
(n=5). *, P<0.05, significant difference.

Fig. 5. Changes in the aldosterone/corticosterone ratio in 
the remaining adrenal gland after unilateral adre-
nalectomy. The data are the mean ± SEM (n=5).
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                Discussion 

  Unilateral adrenalectomy has been shown to 
induce compensatory growth of the remaining 
adrenal gland. The generally accepted hypothesis 
in the 1940s was that after removal of one adrenal, 
the total glucocorticoid secretion rate decreased, 
the low circulating glucocorticoid level then caused 
an increase in ACTH secretion, and the increased 
ACTH mediated compensatory adrenal growth 

[1]. However, Miahle et al. [12] reported that 
circulating ACTH and corticosterone were not 
altered by the removal of one adrenal. Engeland et 
al. [2] found that the plasma ACTH was signi-
ficantly increased in relation to that of sham-
operated rats only at 2 h after the operation and 
not before or after this time. 
  Furthermore, it has been reported that adrenal 
compensatory growth after unilateral adre-
nalectomy occurs even when endogenous ACTH 
is suppressed with dexamethasone or with de-
xamethasone plus exogenous ACTH [13]. Adren-
al compensatory growth also occurs after unilater-
al adrenalectomy and hypophysectomy without 
exogenous ACTH. These findings indicate that 
compensatory adrenal growth following unilateral 
adrenalectomy is not mediated by ACTH. 
  Lowry et al. [14] suggested that neurally medi-
ated proteolytic cleavage of the circulating inactive 
mitogenic precursor pro-y-MSH at the adrenal 

gland is the major mechanism of rapid compensa-
tory growth from 24 h after unilateral adre-
nalectomy. However, it is not known if pro-y-MSH 
acts for 2 weeks. 
  Several reports has been indicated that adrenal 
hypertrophy shows increased RNA and protein, 
while adrenal hyperplasia shows increased DNA 
and cell number [15-20]. Bransome [15] reported 
that RNA was increased in the canine adrenal 
cortex following ACTH administration in an in 
vivo study. The gain in size and weight of the 
adrenal gland after the ACTH administration was 
not accompanied by any significant change in 
DNA, suggesting that cell hypertrophy rather than 
cell proliferation occurred in response to ACTH. 
While the increase in adrenal DNA and RNA 
following unilateral adrenalectomy was much less 
than that in the ACTH-treated animal, the cells 
showed proliferation rather than hypertrophy.

Other investigators have demonstrated that the 
total DNA content in the remaining gland after 
unilateral adrenalectomy is virtually unchanged 

[21]. In the present series of experiments, the 
remaining adrenal weight and total protein con-
tent increased steadily over a period of 14 days 
after the operation, while the plasma ACTH 
increased transiently only on the 1st day. The 
adrenal total DNA content did not change signi-
ficantly during the experiments. The protein/ 
DNA ratio was significantly increased at the 14th 
day. These observations indicate that the com-

pensatory growth may not be induced by an 
increase in ACTH and that hypertrophy rather 
than hyperplasia may occur in the remaining 
adrenal gland. 
  Pellegrino et al. [21 ] reported that the cortico-
sterone secretion from the remaining gland col-
lected by cannulation of the renal vein was 
considerably increased at the 7th day after uni-
lateral adrenalectomy. However, at the 12th, 15th 
and 30th days, average secretion decreased to near 
the control value. In the present experiments, 

plasma corticosterone was increased at the 3rd day 
and returned to the control level by the 7th day. 
The change in plasma corticosterone parallel to 
that in adrenal corticosterone indicates that the 
increased corticosterone level reflected its produc-
tion and secretion in the remaining adrenal gland. 
The production of corticosterone may be control-
led by agents other than ACTH, since the cortico-
sterone concentration in the remaining gland had 
increased significantly by the 3rd day, when the 

plasma ACTH level returned to the control level. 
  Our experiments revealed that the aldosterone/ 

corticosterone ratio in the remaining gland did not 
alter during the 14 days. Then, steroid stimulating 
factors may act on rather the early stages of 
steroidogenesis than the conversion of corticoster-
one to aldosterone, or may enhance the effect of 
ACTH or another physiological growth factors. 
  In conclusion, our data indicate that adrenal 

growth-stimulating factors other than ACTH may 
be present and may induce hypertrophy rather 
than hyperplasia in the remaining gland, and that 
steroidogenesis stimulating factors other than 
ACTH may also be present and stimulate rather 
the early stages than the late step of steroidogene-
sis under conditions of unilateral adrenalectomy.



UNI-ADRENALECTOMY AND STEROIDOGENESIS 527

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

References

Tepperman J, Engel Fl, Long CNH (1943) A 
review of adrenal cortical hypertrophy. Endocrinol-
ogy 32: 373-402. 
Engeland WC, Shinsako J, Dallman MF (1975) 
Corticosteroids and ACTH are not required for 
compensatory adrenal growth. Am J Physiol 229: 
1461-1464. 
Dallman MF (1985) Control of adrenocortical 

growth in vivo. Endocr Res 10: 213-242. 
Capp MW, Simonian MH (1985) Separation of the 
major adrenal steroids by reversed-phase high-

performance liquid chromatography. Anal Biochem 
147: 374-381. 
Matthew J, Sallee VL, Curtis J, Mrotek J (1985) 
Extraction of corticosterone from cell homogen-
ates and subcellular fraction of the rat adrenal 
cortex. III. ACTH-induced temporal subcellular 
redistributions of steroid precursors to corticoster-
one. Steroids 46: 697-716. 
Trefz FK, Byrd DJ, Kochen W (1975) Quantitative 
determination of cortisol in human plasma by 
high-pressure liquid chromatography. J Chroma-
togr 107: 181-189. 
Mizushima Y, Fukushi M, Arai 0, Takasugi N, 
Fujieda K, Matsuura N, Fujimoto S (1987) Neonat-
al screening for congenital adrenal hyperplasia 
due to 21-hydroxylase deficiency. Folia Endocrinol 

Japon 63: 102-112 (In Japanese). 
O'hare MJ, Nice EC, Magee-Brown R, Bullman H 
(1976) High-pressure liquid chromatography of 
steroids secreted by human adrenal and testis cells 
in monolayer culture. J Chromatogr 125: 357-367. 
Rees LH, Cook DM, Kendall JW, Allen CF, 
Kramer RM, Ratcliff JG, Knight RA (1971) A 
radioimmunoassay for rat plasma ACTH. Endocri-
nology 89: 254-261. 
Schneider WC (1957) Determination of nucleic 
acids in tissues by pentose analysis. Methods Enzymol 
3: 680-684. 
Lowry OH, Rosenbrough NJ, Farr AL, Randall RJ 
(1951) Protein measurement with the folin phenol

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

reagent. J Biol Chem 193: 265-275. 
Miahle C, Koch B, Bucher B, Briaud B (1971) 
Etude de la secretion corticotrope au cours de 
1'hypertrophie compensatrice de la surrenale. CR 
Acad Sci (Paris) serie D. 276: 589-592. 
Grizzle WE, Dunlap NE (1984) Aldosterone blocks 
adrenal compensatory hypertrophy in the rat. Am J 
Physiol. E306-E310. 
Lowry PJ, Silas L, McLean C, Linton EA, Estivariz 
FE (1983) pro- y-melanocyte-stimulating hormone 
cleavage in adrenal gland undergoing compensa-
tory growth. Nature 306(3): 70-73. 
Bransome JR ED, Reddy WJ (1961) Studies of 
adrenal nucleic acids: The influence of ACTH, 
unilateral adrenalectomy and growth hormone 
upon adrenal RNA and DNA in the dog. Endocri-
nology 69: 997-1008. 

Farese RV, Reddy WJ (1963) Observation on the 
interrelations between adrenal protein, RNA and 
DNA during prolonged ACTH administration. 
Biochem Biophys Acta 76: 145-148. 
Imrie RC, Ramaiah TR, Antoni F, Hutchison WC 

(1965) The effect of adrenocorticotropin on the 
nucleic acid metabolism of the rat adrenal gland. J 
Endocrinol 32: 303-312. 
Masui H, Gareen LD (1970) On the machanism of 
action of adrenocorticotropic hormone. J Biol Chem 
245: 2627-2632. 
Payet N, Lehoux JG, Isler H (1980) Effect of 
ACTH on the proliferative and secretory activities 
of the adrenal glomerulosa. Acta Endocrinologica 
93: 365-374. 
Dallman ME, Engeland WC, Holzwarth MA, 
Scholz PM (1980) Adrenocorticotropin inhibitis 
compensatory adrenal growth after unilateral 
adrenalectomy. Endocrinology 107: 1397-1404. 
Pellegrimo C, Ricci PD, Tongini R (1963) A 

quantitative cytochemical and physiological study 
of the rat adrenal cortex in hypertrophy after 
unilateral adrenalectomy. Exp Cell Res 31: 
167-182.


