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Summary. The purpose of the present study was to determine 
whether the secretion of androgen-binding protein and lactate 
by 16-day-old rat Sertoli cells is altered when these cells are 
cultured in simulated diabetic conditions. Incorporation of 
3H-uridine into RNA by peritubular cells cultured in simulat- 
ed diabetic conditions was also studied. The cells were ex- 
posed to various concentrations of glucose, r 
ate, sodium bicarbonate (to alter the pH of the medium), 
mannitol (to influence the osmolarity of the medium), or a 
combination of these compounds. All of the metabolic param- 
eters when tested alone or in combination were capable of in- 
creasing lactate secretion by Sertoli cells above control values. 
Basal secretion of androgen-binding protein, however, was 

not influenced by any individual component or when all com- 
ponents were tested together. FSH-stimulated levels of an- 
drogen-binding protein secretion was depressed only when 
the Sertoli ceils were exposed to all the components simul- 
taneously. Incorporation of uridine by peritubular cells was 
decreased by exposing the cells to butyrate or mannitol, while 
no effect was observed with glucose treatment. These results 
indicate that Sertoli cell and peritubular cell function can be 
directly altered by several specific metabolic parameters asso- 
ciated with diabetes. 
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Reproductive dysfunction is commonly observed in 
long-term diabetic patients [1, 2] as well as in experi- 
mentally-induced diabetic animals [3]. Since the Sertoli 
cells are thought to be involved in regulating sper- 
matogenesis, it may be hypothesized that these cells are 
involved in this pathogenic process. Androgen-binding 
protein (ABP) [4-7], plasminogen activator [8, 9], trans- 
ferrin [10], an oestrogen-like compound [11, 12] and lac- 
tate [13, 14] are all produced by Sertoli cells under the 
regulation of follicle-stimulating hormone (FSH). The 
secretion of ABP, which has become a standard index 
of Sertoli cell function, is also regulated by insulin [15], 
retinol [15], and possibly testosterone [16-18]. Lactate 
secretion is potentially of great importance to the func- 
tion of the seminiferous tubule since it has been shown 
that germ cells prefer lactate to glucose as an energy 
substrate [19]. However it is not known if the secretion 
of lactate is altered in diabetic animals. 

In a previous study, it was demonstrated that levels 
of ABP in the epididymides of streptozotocin-induced 
diabetic animals were significantly higher 4 weeks after 
treatment than in control animals [20]. Murray et al. [21] 
reported that the level of ABP in the epididymides of 

streptozotocin-induced diabetic rats was only elevated 
3weeks after streptozotocin treatment; at 1, 2 and 
4 weeks after treatment, the levels of ABP were normal. 
However it is not known whether the increased levels of 
ABP in the epididymides of diabetic animals are a re- 
sult of increased secretion of ABP by Sertoli cells, or of 
decreased transport or decreased turnover of ABP in 
the epididymis. In addition, it is not known whether the 
increased levels of ABP in the epididymis were a result 
of a direct action of altered glucose metabolism (high 
serum glucose levels, increased serum osmolarity or pH, 
the presence of serum ketone bodies or a combination 
of the above) on Sertoli cells. It is possible that the ef- 
fects of these metabolic imbalances on the pituitary or 
hypothalamus resulted in decreased levels of FSH or 
testosterone thereby influencing the Sertoli cells or the 
epididymis indirectly. 

The purpose of the present study was to investigate 
ABP and lactate secretion by Sertoli cells cultured in 
simulated diabetic conditions. This approach provides 
the opportunity to study independently the direct ef- 
fects of several important metabolic components of dia- 
betes which are thought to mediate many of the side ef- 
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fects of this disease. In addition this approach in vitro 
circumvents weight loss and glucose maintenance prob- 
lems associated with streptozotocin-injected animals. 

Materials and methods 

Culture system 

Sertoli cells and peritubular cells were isolated from t6-day-old Wis- 
tar rats and maintained in culture as previously described [22]. This 
isolation procedure is similar to the original procedures published by 
Steinberger et al. [6] and Dorrington and Fritz [23]. The purity of the 
cell preparations produced by this technique in this laboratory has 
been documented previously [22]. The cells were plated into 
35 • 10mm plastic Petri dishes (Falcon Plastics, Los Angeles, Cali- 
fornia) in 1 ml medium 199 (KC Biological, Lenexa, Kansas) plus 
penicillin (a00units/ml), streptomycin (t001xg/ml) and fungizone 
(2.5 lxg/ml) (Gibco, Grand Island, New York). The medium for the 
peritubular cells was supplemented with 10% fetal calf serum (KC Bi- 
ological) that had been heat inactivated for 30 rain at 56 ~ All cells 
were acclimatized for 24 h before beginning the experiment. 

Experimental design 

The following media were added to the cells after a 24-h acclimatizion 
period in culture: (1) medium 199, (2) minimal essential medium 
(MEM, Earle's base), (3) medium 199 + an additional 27.8, 44.4 or 
111.1 mmol glucose (unmodified medium contained 5.6 mmol/1 glu- 
cose), (4) medium 199+20, 40, or 60mmol/1 fl-hydroxybutryate 
(fl-OHB) (Sigma, sodium salt), (5) medium 199 +7.14-40.5 mmol/1 
NaHCO3, (6) medium 199 + mannitol (Sigma) to a final concentration 
ranging from 386-630 mOsmol (control media has an osmolarity of 
286mOsmol for medium 199 and 294mOsmol for MEM, or (7) 
MEM + 111.1 retool/1 glucose, 60 mmol/1 fl-OHB and the addition of 
mannitol to a final concentration of 486 mOsmol. The Sertoli cells 
were cultured for an additional 4 days and the medium was removed 
from the dishes and assayed for ABP [24] with slight modifications 
[30]. Lactate was also measured in the medium using a kit from Sigma 
Chemicals, St. Louis, Missouri. Glucose was determined using a kit 
from Boehringer, Indianapolis, Indiana. The cells were assayed for 
protein [25] or DNA [26]. 

The peritubular cells were washed with serum-free medium and 
then pulsed with 10 lxCi/ml of 3H-uridine (ICN Nutritional Biochem- 
icals, Cleveland, Ohio) for 30-240 rain in serum-free medium follow- 
ing the 4-day treatment period. The cells were then solubilized in 1% 
triton X-100 and the radioactivity in the acid insoluble fraction (pre- 
cipitated with 10% trichloroacetic acid) counted in a scintillation 
spectrometer. Separate aliquots were assayed for protein [25] and 
DNA [26]. 

The means of the various treatment groups were each compared to 
the control values using Student's t-analysis. A p value < 0.05 was 
considered to be statistically significant. All experiments were repeat- 
ed at least twice. Each graphical point represents the mean of three to 
five determinations from one experiment. Each determination repre- 
sents a separate culture vessel. 

Results 

Sertoli cells 

Lactate secretion by Sertoli cells was influenced by all 
of the individual treatments as well as by the combined 
regime (Fig. 1). Glucose treatment increased lactate se- 
cretion in both FSH-stimulated cells and the unstimu- 
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Fig. 1. Secretion of lactate in Sertoli cells exposed to high levels of 
glucose, fl-OHB or mannitol. The FSH-induced increase in lactate, as 
observed in control animals, was abolished by exposing the cells to 
high levels of fl-OHB. When all the parameters were tested in combi- 
nation, the unstimulated values were significantly greater than the un- 
stimulated values obtained from the control cells. The FSH-stimulat- 
ed values were not significantly different from the FSH-stimulated 
values of the control cells. * indicates a statistically significant differ- 
ence between the mean of the group indicated as compared to the 
mean of the control cells either with or without FSH treatment 

Table 1. Effects of glucose on lactate secretion under isotonic condi- 
tions 

Treatment Lactate secretion 
by Sertoli cells 
(.ug lactate/~g DNA) 

MEM (294 mOsmol) 

MEM plus 111.1 mmol/1 glucose 
(NaC1 reduced to give osmolality 
of 294 mOsmol) 

MEM plus 111.1 mmol/1 glucose 
(333 mOsmol) 

174.8 + 6.6 

272.3 _+ 21.1 a 

547.6 + 43.0 a 

Results expressed as mean+ SEM from three culture dishes, a Indi- 
cates a significant increase compared with MEM (294 mOsmol) 

lated cells compared with control cells (Fig. 1). fl-OHB 
at low concentrations reduced the FSH-induced in- 
crease in lactate secretion (Fig. 1). Increasing the osmo- 
larity of the medium with mannitol increased lactate se- 
cretion in both FSH-stimulated and unstimulated cells. 
However, the unstimulated cells responded with the 
greatest percentage increase. Lactate secretion was also 
increased by Sertoli cells cultured in M E M + l l l A  
mmol/1 glucose in which the osmolarity was adjusted to 
isotonicity by reducing the concentration of NaC1 
(Table 1). Lactate secretion was severely altered by low- 
ering the concentration of bicarbonate in the medium 
(Table 2). The combined regime increased lactate secre- 
tion by unstimulated cells while lactate secretion by 
FSH-stimulated cells was unchanged (Fig.l). The 
amount of glucose after 4 days in culture was only 5% 
less than at day 1. 

ABP secretion by Sertoli cells was unaffected by in- 
dividual treatment with glucose, fl-OHB or mannitol. 
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Fig. 2. The secretion of androgen-binding protein (ABP) 
by Sertoli cells was not influenced by any of the condi- 
tions when tested individually. However, when all condi- 
tions were tested simultaneously, a significant decrease 
in the amount of ABP secreted with FSH stimulation was 
observed (combined). Control medium had an osmolari- 
ty of 286 mOsmol and a glucose concentration of 27.8 
retool/1. * indicates a statistically significant difference 
between the mean of group indicated as compared to the 
control cells either with or without FSH treatment 
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Fig.3. Uridine incorporation into acid-precipitable material in peri- 
tubular cells was altered when the cells were exposed to high levels of 
butyrate or mannitol, No significant change was observed when the 
cells were treated with high levels of glucose. The combined treatment 
produced a statistically significant depression in the amount of amino 
acids incorporated. * indicates a statistically significant difference be- 
tween the mean of the group indicated as compared to the mean of 
the control cells 

Table 2. Effect of pH on lactate secretion 

NaHCO3 pH Lactate secretion 
(mmol/1) by Sertoli cells 

(lxg lactate/txg DNA) 

7.1 7.08 22.4+ 1.7 
11.9 7,22 73.2+ 8.8 
16.7 7.34 49.7+ 5.2 
21.4 7.42 88.6 + 3.6 
26.2 7.45 112.1 _+ 6.7 
30.9 7.50 104.1 __+ 3.0 
35.7 7.54 106.0__+ 13.1 
40.5 7.74 82.5__+ 4.2 

Results expressed as mean_+ SEM for three culture dishes 

However, when all were combined, a decrease in FSH- 
stimulated ABP secretion was observed (Fig.2). FSH 
and insulin both increased ABP secretion significantly. 

Peritubular cells 

The incorporation of 3H-uridine by peritubular cells 
was linear over a 4-h period and could be inhibited by 

actinomycin D. Treatment with fl-OHB, mannitol, or a 
combined regime resulted in a decrease in uridine in- 
corporation (Fig. 3). 

Discussion 

Although the simulated diabetic conditions employed 
in these studies do not exactly mimic the diabetic condi- 
tion in vivo, they do allow the individual metabolic 
components commonly associated with diabetes to be 
tested separately on cell function. Sertoli cells were par- 
ticularly suitable for these studies since: (1) their func- 
tion has been reported to be altered in diabetic animals 
[20, 2l], (2) they are involved in reproductive processes, 
and (3) they can be isolated to relative purity and re- 
main physiologically viable in culture [6, 8-11, 14, 15, 
22, 23]. 

The most dramatic change in Sertoli cell function 
was observed when these cells were treated with high 
levels of glucose or mannitol. Although ABP secretion 
did not change, lactate secretion increased approxi- 
mately fourfold. It is unlikely that the altered response 
of lactate secretion seen with glucose treatment is sim- 
ply due to changes in osmolarity, since the medium sup- 
plemented with 111.1 mmol/1 glucose, in which the os- 
molarity was maintained at isotonic levels, was also 
able to stimulate an increase in lactate secretion. It is 
not known whether an increase in lactate secretion oc- 
curs in vivo nor is it known if increased levels of  lactate 
are deleterious to testicular function. 

Although butyrate can be used as an energy sub- 
strate, it is possible that it becomes toxic to cells at high 
concentrations. It is unlikely that the effects of butyrate 
are due to altered pH since the sodium salt form of bu- 
tyrate was used, thereby maintaining the pH at con- 
trol levels. However, when the pH of the medium was 
altered with sodium bicarbonate, lactate secretion 
dropped sharply. Therefore, it appears that Sertoli cell 
function is sensitive to high levels of butyrate and al- 
tered pH. However, it cannot be ruled out that sodium 
bicarbonate has a direct effect on Sertoli cells. 

Previous studies indicated that ABP levels in the 
epididymis were higher than normal 3-4 weeks follow- 
ing streptozotocin treatment [20, 21]. The present study 
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demonstrates that cultured Sertoli cells secrete less ABP 
when exposed to diabetic conditions. This suggests that 
the altered levels of ABP in the epididymides of diabet- 
ic animals are a result of  altered epididymal function. 
This could occur by increased rates of turnover of ABP 
with the epididymis or altered flow of fluid out of this 
organ. It should be emphasized that our previous study 
did not demonstrate a change in the amount of ABP in 
the epididymides of diabetic rats when the values were 
expressed per organ [20], suggesting that overall pro- 
duction of ABP was not altered. However, the levels of 
ABP are higher than controls when expressed per mg 
protein since the epididymides lose considerable weight 
in diabetic animals. This further implicates the epididy- 
mides in the process of reproductive dysfunction which 
occurs in diabetes. It should be pointed out that differ- 
ences between the findings in the present study and 
those previously discussed [20, 21] could be due to dif- 
ferences between in vivo and in vitro environments, as 
well as differences in the age of the rats employed in 
these studies. 

The peritubular cells were also influenced by simu- 
lated diabetic conditions. Uridine incorporation was 
depressed with/~-OHB and mannitol treatments. This is 
an important finding since these cells are involved in 
Sertoli cell function [22] and also in producing part of 
the boundary tissue of the seminiferous tubule [27]. 

In conclusion, the results of these studies indicate 
that some of the specific metabolic conditions observed 
in diabetes mellitus can directly influence Sertoli cell 
and peritubular cell function in culture. 
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