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Diabetes mellitus is associated with a reduc
tion of lipoprotein lipase (LPL) activity in adi
pose tissue and development of · hypertriglyc
eridemia. To determine how a condition of 
severe insulin deficiency affects mammary 
gland LPL activity and mRNA expression dur
ing late pregnancy, streptozotocin (STZ) treat
ed (40 mg/kg) and non-treated (control) virgin 
and 20 day pregnant rats were studied. In con
trol rats, both LPL activity and mRNA were 
higher in pregnant than in virgin rats. When 
compared to control rats, STZ-treated rats, 
either pregnant or virgin, showed decreased 
LPL activity and mRNA content. Furthermore, 
mammary gland LPL activity was linearly cor
related with mRNA content, and either vari
able was linearly correlated with plasma insulin 
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levels. Thus, insulin deficiency impairs the 
expression of LPL in mammary glands, reveal
ing the role of insulin as a modulator of the 
enzyme at the mRNA expression level. 
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INTRODUCTION 

Lipoprotein lipase (LPL) is synthesized in 
parenchymal cells of most tissues in the body 
and is transported to the capillary endothelium, 
where triglycerides in circulating chylomicrons 
and very-low-density lipoproteins are 
hydrolyzed, thereby facilitating the uptake of 
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hydrolytic products by the subjacent tissues [l]. 
White adipose tissue, heart, skeletal muscle and 
lactating mammary gland have the highest LPL 
activity among body tissues [2,3]. In the lactat
ing mammary gland, the enzyme appears to be 
synthesized by stromal cells, presumably 
adipocytes, and transported to the interstitial 
space where very high concentrations are found 

f2]. 
LPL is subject to complex tissue-specific reg

ulation by dietary and hormonal factors 
through transcriptional, post-transcriptional 
and post-translational mechanisms. In adipose 
tissue, insulin is the main positive modulator of 
LPL activity [4,5], and the decrease in LPL 
activity that appears during late pregnancy in 
this tissue has been associated with the insulin 
resistance occurring in this situation [ 6, 7]. In 
contrast to adipose tissue, around parturition 
LPL activity in mammary glands increases [7] 
and remains high throughout lactation [8]. 
Besides enhancing the use of circulating triglyc
erides for milk synthesis, the high LPL activity 
in mammary gland during late pregnancy, 
actively contributes to the decline of maternal 
hypertriglyceridemia [9]. 

Both insulin and prolactin have been shown 
to regulate mammary gland LPL activity during 
lactation flO]. It has been also reported that 
during late gestation, despite the well known 
insulin resistant condition, mammary gland is 
highly sensitive to insulin [11,12]. We have 
recently reported that hyperinsulinemia 
increases both mammary gland LPL activity 
and mRNA during late pregnancy in the rat 
[13]. The present work was addressed to study 
the potential relationship between plasma 
insulin levels and mammary gland LPL activity 
and mRNA, in pregnant and non-pregnant ani
mals, under conditions of hyperinsulinemia, as 
caused by pregnancy, and hypoinsulinemia, as 
caused by streptozotocin treatment. 
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MATERIALS AND METHODS 

ANIMALS AND TISSUE COLLECTION 

Female Wistar rats from our colony, weigh
ing 180-200 g., were housed at 22-24 °C and 
light cycles from 08:00 to 20:00 h. They had 
free access to water and chow diet (Purina, 
Panlab, Barcelona, Spain. Rats were made dia
betic by a single i.v. injection of streptozotocin 
(STZ, 40 mg/kg. body wt) dissolved in 50 mM 
citrate buffer. Control rats were injected with 
citrate buffer. Two clays after STZ treatment, 
glucosuria was tested to determine the develop
ment of diabetes. Only rats showing a positive 
response were included in the study and 48 h 
after the STZ injection, these rats were subject
ed to a daily s.c. injection of 1.5 U/100 g body 
wt of ultralente bovine insulin (MC, Novo, 
Denmark) for 7 days. Half of the rats from 
either STZ or control group were mated with 
nondiabetic males. The onset of pregnancy was 
determined by the presence of spermatozoids in 
vaginal smears, from which time rats were kept 
without insulin treatment until day 20 of gesta
tion. STZ-treated and control female virgin rats 
were studied in parallel. Rats had free access to 
food and were killed between 10:00 and 11.00 
h by decapitation. Blood was collected from the 
neck wound in ice-chilled heparinized tubes for 
immediate separation of plasma at 4 °C. 
Mammary glands were rapidly dissected and 
placed into liquid nitrogen to be stored at -80 
°C until processed. Plasma aliquots were used 
to measure glucose [14], insulin using a specif
ic RIA kit for rats [15] (Novo, Denmark) and 
triglycerides (Menatest, Italy). The experimen
tal protocol was approved by the Animal 
Research Committee of the Hospital Ramon y 
Cajal, Madrid, Spain. 

RNA PREPARATION 

Total cellular RNA was isolated from frozen 
rat mammary gland by a single-step acid guani
dium thiocyanate-phenol-chloroform extrac-
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TABLE I Body weight and plasma components in streptozotocin-diabetic and control pregnant (20 days) and virgin rats 

Virgin Pregnant 
Control Diabetic Control Diabetic 

Net body weight (g) 231.2:t2.8" 172.4:t4. J b 259.8:t5.6' 217 .2±5 .3·' 

Glucose (mg/di) 131.7±4.1" 682.5±12.5b 90.5:tl.6' 449.9±16.8" 

Insulin (µU/ml) 24.8:tl.9" ll.9:t1.6b 43.4:t5.6' 14.7:t1.9b 

Triglycerides (mg/di) 97.1±9.7" 405 .2±35 .9h 322.5:t30.8" 599.2±70.5' 

N= 11-25 rats/ group. 

Statistical differences arc shown by superscript letters: Different letters express significant statistical differences between the groups 

tion method [16], using a commercial kit 
(Ultraspect RNA, Biotecx, USA). Briefly, tissues 
were homogenized with a polytron in the pres
ence of homogenization buffer. RNA was puri
fied via a series of ethanol precipitations and 
quantified by optical density at 260 nm. 

NORTHERN ANALYSIS 

Equal amounts (10 µg) of total RNA were 
fractionated on 1 % agarose gels containing 2.2 
M formaldehyde. Electrophoresis was carried 
out for 18 h at 50 V in 3-(N-morpholino) 
propanesulfonic acid, pH 7.0, running buffer. 
RNA was transferred to nylon membrane 
(Hybond-N+, Amersham, U.K.) for 1 h in 3M 
NaCl, 0.3 M sodium citrate, pH 7.0, by a cap
illarity system and immobilized by cross-link
ing with ultraviolet light [17]. Nylon mem
branes were prehybridized for 1 h at 60°C in 
0.5 M sodium phosphate, pH 7.0, 1 mM 
EDTA, 7% (wt/vol) sodium dodecyl sulfate 
(SDS), and l % (wt/vol) bovine serum albumin. 
Northern hybridation was performed with 
denatured 32P-labeled cDNA probes (l x 106 

cpm/ml) for 17-18 hat 60°C in the same buffer 
as above. cDNA probe (mouse LPL clone ML 2 
[18] was radiolabeled as described by Feinberg 
and Vogelstein [21] by use of an oligolabeling 
kit (LKB Biotechnology, Pharmacia, Sweden). 
DNA (25-50 ng) was labeled to a specific activ
ity of 1-2 x 106 dpm.mg-1 using (32P)deoxycyti-

dine triphosphate (3,000 Ci/mmol, Amersham, 
U.K.). Northern filters were washed twice (20 
min each wash) with 0.3 M NaCl, 30 mM sodi
um citrate, pH 7.0, 0.1 % SDS at room temper
ature and twice (20 min each wash) with 15 
mM NaCl, 1.5 mM sodium citrate, pH 7.0, 
0.1 % SDS at 60°C. Autoradiography was per
formed with a single intensifying screen at -80°C 
and quantified by densitometric scanning. 

Northern analyses of whole mammary gland 
RNA were done for each animal, and bands of 
3.6 kb corresponding to LPL mRNA were 
expressed in glands from all the groups. There 
were no differences in loading, as verified by 
ethidium bromide staining of the gels. Bands, 
corresponding to 28S ribosomal RNA (rRNA) 
were quantified from the photographs of the 
gels, and these values were used as internal 
standard. Thus, LPL mRNA is expressed as the 
ratio: mRNA/28S rRNA 

LPL ASSAY 

Total LPL act1v1ty was measured as previ
ously described [20, 21]. Briefly, tissue samples 
were homogenized in 0.2 M Tris(hydrox
ymethyl)aminomethane (Tris)-HCl, pH 8.2, at 
4°C and delipidated with acetone-diethyl ether. 
Aliquots of the delipidated samples were 
assayed for LPL activity. Total LPL activity was 
measured using an egg lecithin-stabilized emul
sion of 14C-fatty acid-labeled triolein as sub-
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FIGURE 1 
Effect of STZ-diabetes on LPL activity and mRNA in mammary gland of virgin and pregnant rats. 

Virgin and pregnant STZ-diabetic (solid bars) and control rats (open bars). Total LPL activity (left side of the figure) and LPL mRNA 
(right side of the figure) in mammary gland homogenates were measured as described in Materials and Methods. The insert of the fig
ure shows a representative autoradiogram of hybridization of cDNA probes for the LPL mRNA, and a photograph of the gel showing 
the band corresponding to the 28S rRNA. Statistical comparisons were made by ANOVA, followed by Tukey-Kramer test, with 95% 
confidence limits. Significance is shown by letters: different letters indicating significant differences between the groups (p<0.05). MG= 
Mammary gland; pkat= pmol of substrate transformed per second. 

strate ( final concentration 2.5 mM triolein, 
2.4% bovine serum albumin, 0.2 M Tris, pH 
8.5, 0.1 M NaCl, and 8% heated rat serum in 
0.25 mL) in the absence and presence of 1 M 
NaCl (high saline conditions). LPL activity was 
determined by subtracting the non-LPL
dependent activity (high salt) from the total 
lipolytic activity. Data were expressed as 
pkatals (pmol of substrate transformed per sec
ond) per g of tissue. 

STATISTICAL ANALYSIS 

Results are expressed as means :t SE. 
Statistical comparisons were made with the 
analysis of variance (ANOVA) followed with 
Tuckey-Kramer test with 95% confident limits 
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using the Instat Biostatistics program ( Graph 
Pad lnstat, Inc., Evanston, IL). Relationship 
between variables was determined by Pearson 
correlation coefficient using the lnstat program 
(lnstat, Inc., Evanston, IL). 

RESULTS 

As shown in Table 1, net body weight (free of 
conceptus) was higher in pregnant than in virgin, 
both in control and STZ-diabetic rats, although 
in the diabetic rats values were always lower 
than in the respective control rats. Blood glucose 
levels were highly elevated in diabetic vs. control 
rats, although values were always lower in preg-
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nant than in virgin rats (Table 1). Although plas
ma insulin concentration was 2 times higher in 
control pregnant than in virgin rats, in virgin 
diabetic rats insulin levels were half than in vir
gin controls, and did not increase significantly 
during gestation. Therefore, in comparison to 
values in their respective controls, hypoinsuline
mia in pregnant diabetic rats was much more 
severe than in virgin diabetic rats. Plasma triglyc
eride levels were higher in pregnant than in vir
gin rats. In diabetic rats, plasma triglycerides 
were higher than in controls, the difference 
between pregnant and virgin rats remaining sig
nificant (Table 1). 

The activity of LPL in mammary gland is 
shown on the left side of Figure 1. LPL activity 
was 3-4 times higher in control pregnant than 
in virgin rats. Diabetes caused a greater 
decrease in mammary gland LPL activity in 
pregnant than in virgin rats, the difference dis
appearing between the two groups, indicating a 
deficient adaptation to pregnancy in the diabet
ic group. Northern hybridization techniques 
were employed to explore LPL mRNA expres
sion in mammary gland, and results are illus
trated on the right side of Figure 1. The insert 
of this figure shows a representative autoradi
ogram of hybridization of cDNA probes for 
LPL mRNA in the four experimental groups. 
Mammary gland from control pregnant rats 
showed higher LPL mRNA than from virgin 
rats whereas in diabetic rats, a significant 
decline in the LPL mRNA expression in both 
pregnant and virgin rats was detected, disap
pearing the statistical differences between the 
two groups (right part of Figure 1). 

To further investigate the parallel change 
found in circulating insulin and either mamma
ry gland LPL activity or mRNA expression, lin
ear correlation analysis was performed with all 
individual values. As shown in Figure 2A, 
mammary gland LPL activity significantly cor
related with plasma insulin levels. To ascertain 
that such a dependence occurs independently of 
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FIGURE 2 
Linear correlations for control virgin ( ◊ ), STZ-diabetic virgin 
( □ ), 20-day pregnant control ( .6.) and STZ-diabetic ( 0) rats 
between: A) plasma insulin versus total LPL activity in mamma
ry glands; B) plasma insulin versus LPL mRNA levels in mam
mary glands; and C) LPL mRNA versus total activity in mam
mary glands. 

the reproductive state of the animals, correla
tions were done including separately virgin and 
pregnant rats. As expected, LPL activity and 
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plasma insulin correlated significantly in both 
groups of animals (r =0.81, p<0.001 and r 
=0.75, p <0.001 in virgin and pregnant rats, 
respectively). Results in Figure 2B show that 
LPL mRNA also correlated linearly and signif
icantly with plasma insulin levels. Similarly, sig
nificant linear correlations were found when 
these two variables were compared in virgin or 
pregnant rats separately (r=0.90, p<0.001 and 
r=0.67, p<0.001, respectively). As expected 
from the results presented above and shown in 
figure 2C, mammary gland LPL activity signif
icantly correlated with its LPL mRNA expres
sion. A significant correlation was also 
observed when only LPL activity and mRNA 
values of virgin or pregnant rats were plotted 
separately (r=0.69, p<0.01 and r=0.75, 
p<0.001, respectively). 

DISCUSSION 

The results presented in this study show that 
hyperinsulinemia caused by pregnancy 
enhances mammary gland both LPL activity 
and mRNA expression, whereas the hypoinsu
linemia caused by STZ-diabetes decreases both 
variables in the gland. Since insulin effects are 
initiated by the stimulation of the insulin recep
tor tyrosine kinase after insulin binding, the 
induction of mammary gland LPL by insulin at 
late pregnancy agrees with our recent finding 
that the insulin-stimulated kinase activity of the 
insulin receptor is augmented in mammary 
glands of late pregnant rats [11]. This increased 
LPL activity in mammary glands at the end of 
gestation, together with the decrease in LPL 
activity in adipose tissue [221, drive circulating 
triglyceride-rich lipoproteins to the mammary 
glands instead of being taken up by adipose tis
sue for storage f23], contributing actively to the 
synthesis of milk in preparation for lactation. 

LPL is subjected to complex tissue-specific 
regulation by hormonal factors, which modu-
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late LPL activity via transcriptional, post-tran
scriptional and post-translational mechanisms. 
Studies in other tissues, e.g., adipose tissue, 
have shown that insulin regulates LPL gene 
expression mainly at the mRNA level [24-26], 
and accordingly, LPL mRNA content is inverse
ly correlated with the degree of insulin resist
ance [27]. Furthemore, during late pregnancy, a 
condition characterized by an impared insulin 
responsiveness of adipose tissue [28 J, the 
decrease in LPL activity in adipose tissue cells 
has also been shown to parallel changes in 
mRNA [22]. Since LPL is synthesized in mam
mary interstitial cells, it is probable, adipocytes 
[2, 8], the mammary gland LPL, may be regu
lated similarly to adipose tissue LPL, as previ
ously proposed [29]. However, in contrast to 
adipose tissue, where LPL activity and mRNA 
expression are decreased during late pregnancy 
[22], both variables are enhanced in mammary 
gland, and this effect could be directly related 
to the maternal hyperinsulinemia. In fact, when 
such hyperinsulinemia was prevented by STZ 
treatment, LPL activity and mRNA content in 
mammary glands declined in pregnant rats to 
the values of virgins receiving the same treat
ment. Besides, changes in LPL activity paral
leled those of mRNA content, independently 
whether the animals were diabetic, control, 
pregnant or virgin, indicating that the former is 
controlled at a mRNA level. 

Besides hyperinsulinemia and the high 
insulin sensitivity in mammary glands during 
pregnancy [11], prolactin may also be involved 
as a positive mediator of LPL in mammary 
gland, since its concentration raises around 
parturition [30] and enhances both LPL activi
ty and mRNA in cultured mammary gland 
explants from mid-pregnant mice [ 31]. 
Although not studied in the diabetic pregnant 
rat, decreases in plasma prolactin levels have 
been reported in diabetic pregnant women [32]. 
Thus, a contribution of decreased prolactin to 
the low mammary gland LPL activity and 
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mRNA expression in the STZ-diabetic preg
nant rats, in addition to their severe hypoinsu
linemic condition, cannot be discarded. In fact, 
another condition of decreased prolactin levels 
during late pregnancy in rats, caused by prog
esterone administration, decreases mammary 
gland LPL activity [9]. 

Tissue LPL activity depends not only on hor
monal regulation but on the physiological sta
tus of the animal, changing in response to feed
ing/fasting, cold adaptation, exercise and 
tumors [1,33]. In fact, during fasting, mamma
ry gland LPL activity [8], like adipose tissue 
LPL activity [1, 24, 26], decreases and is sub
ject to regulation at both mRNA and post
translational levels. 

In pubertal mice, the predominant cell type 
in mammary gland is the adipocyte with epithe
lial structures inter-dispersed among them. 
With pregnancy, the epithelial structures grow 
into alveoli that still maintain an intimate asso
ciation with adipose tissue. During lactation, 
epithelial cells are the predominant cell types 
and only small channels of lipid-filled 
adipocytes could be distinguished because the 
majority of adipocytes have been depleted of 
their lipid stores [2]. Thus, mammary gland 
mass, composition and histology change along 
pregnancy and lactation [2], and it has been 
also shown that insulin deficiency decreases the 
fresh weight of mammary gland by 40% [10]. 
In any case, STZ diabetes is a complex state 
and the contribution of other factors that are 
affecting this condition is possible. 

In conclusion, our study shows that 
hypoinsulinemia contributes to the decreased 
expression of LPL in mammary glands of dia
betic rats, supporting the notion that such 
effect is caused at the mRNA expression level. 
Whether the decrease in mRNA is due to an 
inhibition of LPL gene transcription and/or an 
increased rate of LPL mRNA degradation 
remains to be established. 
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