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Abstrac-This study was designed to determine whether all-trims retinoic acid altered li~protein lipase 
(LPL) activity and mRNA levels in vitro and tissue LPL mRNA levels in rho. Incubation of adipocytes 
or adipose tissue for up to 12 hr with 10m6 or 10ms M all-rruns retinoic acid did not decrease LPL activity. 
There was no change in LPL mRNA levels following 3 hr incubation of adipocytes with all-fruns retinoic 
acid. Feeding all-fruits retinoic acid for 4 days led to a significant decrease in adipose tissue LPL activity 
but no change in heart enzyme activity. Retinoic acid did not alter the increase in heart LPL activity 
observed with fasting. There were no changes in LPL mRNA levels in adipose tissue, heart or liver. 
Retinoic acid does not have an acute direct effect on adipose tissue LPL activity. The observed decrease 
in adipose tissue LPL activity in oiuo is not due to alterations in mRNA levels and may be a secondary 
effect of retinoic acid. 

Treatment with the vitamin A derivative retinoic 
acid 134s retinoate leads to increased plasma 
t~acy~g~y~rol levels in both humans and rats [l-4]. 
Triglyceride levels were found to be raised as soon 
as 12 hr after the start of feeding retinoic acid [I]. 
Both increases in triacylglycerol synthesis and 
decreases in triacylglycerol removal, through 
decreased lipoprotein lipase (LPLi’) (EC 3.1.1.34) 
activity, have been implicated as the cause of the 
hyperlipidaemia [4-71. Decreases in both skeletal 
muscle and adipose tissue LPL activity have been 
observed in vivo with the extent of the change 
depending on the animal species and form of retinoic 
acid under study [6,7]. 

Retinoic acid receptors are members of the steroid/ 
thyroid receptor superfamily and there is a growing 
list of genes the transcription of which is altered by 
retinoic acid. The change in transc~ption can occur 
within minutes or a few hours [S, 91 or after a longer 
time 110, 111. Transglutaminase mRNA began to 
accumulate 15 min after treatment of macrophages 
with retinoic acid and reached a maximum after 9- 
10 hr [8]. However, the increase in Type IV collagen 
mRNA in F9 cells is not observed until 48 hr after 
the addition of retinoic acid with the peak occurring 
at 72-120 hr [lo]. In some cases the effects of retinoic 
acid are transient and are maintained only in the 
presence of other factors [9]. 

There is disagreement as to whether retinoic acid 
has a direct or indirect effect on the enzymes 
involved. Thus 13-cis retinoate has been reported to 
increase t~a~ylglycerol synthesis in rat liver post- 
mitochondrial supernatant but to have no effect on 
triacylglycerol synthesis in isolated hepatocytes 
[Z 51. 

Retinoic acid also decreases LPL activity during 
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the adipose conversion of 3T3 preadipocytes. While 
retinoic acid did not prevent the spontaneous 
emergence of LPL which occurs during differentiation 
of the preadipocytes, it did prevent the further 
increase produced by insulin during the terminal 
stage of differentiation f12.1. 

Changes in LPL activity are brought about mainly 
by alteration in enzyme amount and alterations in 
mRNA levels have been found [13,14]. It is possible, 
therefore, that retinoic acid alters LPL activity 
through a direct effect on transcription. On the other 
hand retinoic acid increases the rate of transcription 
of hormones such as growth hormone [ll] and so 
the changes in LPL activity could be a secondary 
effect. The aim of this work was to determine 
whether retinoic acid has a direct acute effect on 
adipose tissue LPL activity and whether the levels 
of LPL mRNA are altered in the short or long term. 

MATERIALS AND METHODS 

Materials. All-tram retinoic acid, insulin, albumin 
and collagenase Type II were from the Sigma 
Chemical Co. (Poole, U.K.). Dexamethasone 
phosphate was a gift from Merck, Sharp and Dohme 
(Herts, U.K.). [(U-32P]dCTP was from Amersham 
(Amersham, U.K.). 

Incubations. Male Porton-Wistar rats were fed ad 
lib. on standard chow pellets consisting of (by 
weight) 51.6% carbohydrate, 22.7% protein and 
4.3% fat (the residue was non-digestible material; 
Special Diet Services, Witham, Essex, U.K.) and 
had free access to drinking water. At 7.00 a.m. the 
14 hr light/l0 hr dark cycle began. Epididymal 
adipose tissue was removed at 9.00 a.m. 

Adipocytes were prepared from epididymal 
adipose tissue by the method of Rodbell [15]. The 
cells were incubated (5-7.5% final lipocrit) at 27” or 
37” as indicated in Krebs-Ringer buffer (pH 7.4) 
containing 20mM Hepes, 4% (w/v) defatted 
albumin, 5mM glucose, 0.5% (w/v) casein hydro- 
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lysate, 2.5 mM calcium chloride, 40 nM insulin and 
0.75 PM dexamethasone phosphate [ 141. Heparin 
(5 IU/mL) was present when LPL activity was 
measured. All-truns retinoic acid was prepared as a 
10T3 M stock solution in ethanol and stored at -20” 
in the dark. Equivalent amounts of ethanol were 
added to control incubations. Half epididymal fat 
pads were incubated for up to 5 hr in the above 
medium except that the buffer was Krebs-Henseleit 
bicarbonate and the glucose and defatted albumin 
were 10 mM and 2% (w/v). respectively. For long- 
term incubations of adipose tissue, l/6 fat pads were 
incubated for 8 or 12 hr in Krebs-Henseleit 
bicarbonate medium as above but in the absence of 
heparin in order to help to maintain enzyme activity 
within the tissue. The incubations were at 32” in a 
95% oxygen:5% carbon dioxide atmosphere [14]. 

In vivo experiments. Groups of three rats were 
fed either all-trans retinoic acid-treated pellets or 
control pellets for 4 nights. All-truns retinoic acid 
was dissolved in acetone and applied to the dry 
pellets to give 100 pg retinoic acid/g dry diet and 
40mL acetone/lOOg pellets. The control pellets 
were treated with 40 mL acetone/100 g pellets. After 
the 4 nights feeding the rats were either killed at 
9.00 a.m. or the food was removed and the rats 
killed at 4.00 p.m. One fat pad and half a heart from 
each rat were taken for LPL assay and the other fat 
pad, half a heart and sample of liver were taken for 
RNA isolation. 

LPL assays. Adipocyte suspensions were hom- 
ogenized with an equal volume of 10mM barbital 
buffer (pH 7.4) containing 4 mg/mL Triton X-100, 
0.4 mg/mL SDS and 5 IU/mL heparin [16]. After 
10 min on ice the homogenates were centrifuged at 
1800 g for 10 min and 0.5 mL of the infranate assayed 
for LPL activity. 

At the end of the incubations adipose tissue was 
removed from the medium and 0.5 mL of the 
medium assayed for LPL activity immediately. The 
tissue was homogenized in 5 mM barbital buffer 
(pH 7.4) containing 2 mg/mL Triton X-100 and 
0.2 mg/mL SDS. 

The homogenates were kept on ice for 10 min (or 
stored at -20” overnight) and then centrifuged as 
above and the infranate assayed for LPL activity. 
Whole fat pads from the in vivo experiments were 

homogenized in 2% defatted albumin and acetone- 
ether powders were made [17]. The powders were 
homogenized in 5 mM barbital buffer (pH 7.4) 
containing 2.5 IU heparin/mL and assayed for LPL 
activity. 

LPL was assayed by the release of free fatty acid 
(FFA) from an Intralipid substrate in the presence 
of serum as previously described [14]. LPL activity 
is expressed as pmol FFA released/hr/g wet weight 
of tissue or for fat cell activity, /g wet weight of fat 
pad equivalent. 

RNA extraction. Tissue was homogenized in ice- 
cold 3 M lithium chloride, 6 M urea, 50 mM sodium 
acetate and 0.05% (w/v) SDS immediately following 
incubation or removal from the rat. The total tissue 
RNA was then extracted by the method of Auffray 
and Rougeon [18]. Following the removal of 2 mL 
of medium, adipocyte RNA was extracted from the 
remaining 1 mL suspension by the method of 
Chomczynski and Sacchi [19]. The electrophoresis 
and northern blotting of total RNA (1.5-5.0 pg) and 
the labelling of cDNA was as described previously 
[14]. The blots were washed as described [20] and 
subjected to autoradiography by using preflashed 
hyperfilm-MP (Amersham) with intensifying screens 
at -70”. The autoradiographs were scanned by a 
Chromoscan densitometer (Joyce-Loebl). The LPL 
cDNA was removed by washing at 65” in 0.005 M 
Tris-HCl. 0.02 M Na?EDTA and 0.1 x Denhardt’s 
solution (pH8.0) for 2 hr. The blots were then 
reprobed using an cu-tubulin cDNA probe. The 
results are expressed as a ratio of LPL mRNA to LY- 
tubulin mRNA. Retinoic acid did not alter cy-tubulin 
mRNA levels. Linearity of response was observed 
with increasing concentrations of total RNA. The 
LPL cDNA probe was a gift from M. C. Schotz, 
Wadsworth Medical Centre, Los Angeles, CA, 
U.S.A. and the cu-tubulin probe was a gift from P. 
Middleton, University of Newcastle upon Tyne, 
U.K. 

Statistical analysis. All data expressed as 
mean * SD were evaluated statistically by Student’s 
t-test. 

RESULTS ANDDISCUSSION 

Adipocyte LPL activity and mRNA levels 

In order to determine whether retinoic acid has a 

Table 1. Effect of retinoic acid on LPL mRNA levels and LPL activity in isolated adipocytes 

Retinoic acid concentration (M) 

Control lo-’ 10-h 10-s 

LPL/wtubulin mRNA 
27”* 

LPL activity (pmol FFA/hr per g) 
2lY 
37”* 

100.0 2 11 111 k 13 100 !I 9 102 t 11 

18.0 2 1.9 16.3 f 2.6 
15.8 2 1.6 16.3 2 4.1 16.1 + 1.4 

The mRNA results are expressed as the values of LPL/cu-tubulin mRNA as a percentage of the 
control values. 

All results are expressed as means + SD. 
*N=4:tN=6. 
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Fig. 1. Northern blot analysis of LPL and cu-tubulin mRNA levels in isolated adipocytes. Adipocytes 
were incubated for 3 hr at 27” in the presence or absence of retinoic acid. Duplicate 1.5 fig of total 
adipocyte RNA was subjected to electrophoresis and northern blotting as described in Materials and 
Methods. Key: (1) control incubations; (2) lO_‘M retinoic acid; (3) 10m6M retinoic acid; (4) 1O-5 M 

retinoic acid. The densitometric results from these autoradiographs are given in Table 1. 

direct effect on adipocyte LPL activity rat adipocytes 
were incubated in the presence and absence of 
retinoic acid at concentrations up to 10m5 M for up 
to 5 hr. 

The first series of experiments, in which LPL 
mRNA levels were also measured, were carried out 
at 27”. No significant changes occurred in LPL 
mRNA levels in adipocytes incubated in the presence 
of 1O-7-1O-5 M retinoic acid as compared to control 
incubations (Table 1, Fig. 1). There was also no 
change in LPL activity with 1O-6 M retinoic acid. 

As LPL is more stable at 27” than at higher 
temperatures [2], it was possible that any effect of 
retinoic acid might be more evident at 37”. Therefore, 
further experiments were carried out at this 
temperature. However, again there was no change 
in LPL activity on incubation with either lO-‘j or 
10m5 M retinoic acid (Table 1). This observation 
extended to the LPL activity measured after 5 hr 
incubation which was 14.3 ? 1.1 and 14.4 -+ 1.9 pmol 
FFA/hr/g adipose tissue equivalent in the presence 
of lo- and 10m5M retinoic acid, respectively, 
compared to 15.2 ? 1.6pmol FFA/hr/g adipose 
tissue equivalent in the absence of retinoic acid (N = 
4). 

Adipose tissue LPL activity 

The site of action of LPL is outside the adipocyte 
at the capillary endothelium. Ligands may alter LPL 
activity within the adipocyte or after its secretion 
from the cell. Therefore, to determine whether 
retinoic acid alters LPL activity in adipose tissue, 
which includes extracellular enzyme, enzyme activity 
was measured in both tissue and medium following 
incubation. Table 2 shows the results of one such 
experiment where 10e6 M retinoic acid did not alter 
LPL activity in the tissue nor that released into the 
medium even after 5 hr of incubation. The mean 
difference between the activity in the paired retinoic 

acid and control incubations was 3.7 * 2.7 for the 
tissue and 3.0 + 2.4 for the media (all time points). 
The above results were confirmed in two further 
experiments. Increasing the concentration of retinoic 
acid in the incubations to 10e5 M did not alter the 
result as the LPL activity in the tissue incubated for 
5 hr was 31.7 2 5 pmol FFA/hr/g adipose tissue in 
the presence of retinoic acid and 31.9 I 8.5 (N = 5) 
in its absence. The medium LPL activity was 
21.0 * 11.0 ,umol FFA/hr/g adipose tissue in the 
presence of 10m5 M retinoic acid and 19.0 I 11.4 
(N = 5) in its absence. 

A further experiment investigated the longer term 
effect of retinoic acid on adipose tissue LPL activity 
in vitro. After incubation of adipose tissue pieces 
for 8 hr at 32” the LPL activity was 25.7 f 8.7 pmol 
FFA/hr/g and 23.5 + 7.4 pmol FFA/hr/g when 
incubated in the presence of 10M6 and low5 M retinoic 
acid, respectively, compared to 23.9 -C 9.4 pmol 
FFA/hr/g in the absence of retinoic acid (N = 5). 
The enzyme activity following incubation for 12 hr 
was 18.0 2 5.1 ymol FFA/hr/g and 21.2 + 5.4 pmol 
FFA/hr/g when incubated in the presence of 10m6 
and 10m5 M retinoic acid, respectively, compared to 
19.8 -I- 6.9 prnol FFA/hr/g in the control incubations 
(N = 5). 

The findings that incubation with retinoic acid for 
up to 12 hr does not decrease LPL activity show that 
retinoic acid does not have an acute direct effect on 
this enzyme in isolated adipocytes or whole adipose 
tissue. The finding that retinoic acid prevented the 
rise in LPL activity produced by insulin during the 
terminal stage of differentiation of 3T3 preadipocytes 
could be explained as a specific effect of retinoic 
acid on the differentiation process or as different 
behaviour of established cell lines and isolated cells 
as has been previously found with tumour necrosis 
factor (see Ref. 14) and insulin [21]. While this work 
was in progress Antras et al. [22] reported no effect 
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Table 2. Effect of retinoic acid on LPL activity in rat adipose tissue incubated in vitro 

Lipoprotein lipase activity 
(~01 ~A/hr/g) 

Control Retinoic acid-treated 
Time of incubation 

(br) Tissue Medium Tissue Medium 

3 40.5 +: 8.0 22.2 k 8.9 42.8 f 2.8 22.7 r 8.6 

: 45.1 38.4 + rt 6.2 4.8 31.4 33.0 ” f 9.4 11.5 44.4 41.9 t 2 5.2 12.8 28.4 31.9 +- 2 13.0 12.8 

Rat epididym~ fat pads were cut in half and one half incubated in the presence of 10e6 M 
retinoic acid and the other half in its absence at 32”. At the end of the incubations, LPL 
activity was measured in the tissue and medium. 

All values are means * SD. N = 3 for each time point. 

Table 3. Effect of retinoic acid on LPL activity and mRNA 
levels in adipose tissue and heart in oiuo 

Tissue and 
treatment 

LPL activity LPL/cu-tubulin 
(pmol FFA/hr/g) mRNA 

Adipose tissue 
Control 
Retinoic acid 

Heart (fed) 
Control 
Retinoic acid 

Heart (fasted) 
Control 
Retinoic acid 

74.4 t 31.5 100415 
40.3 + 17.0* 100% 11 

37.0 rt 9.5 100-c10 
37.7 + 8.0 93 2 14 

191.0 r- 29.4 loo*16 
170.0 +- 39.0 113 + 21 

Rats were treated as indicated in the text. LPL mRNA 
values are expressed relative to ~-tubuiin mRNA and are 
given as a percentage of control values. 

Values are means d SD of six animals. 
* Significantly different from the respective control 

(P < 0.05). 

of lo-$ M all-frum retinoic acid on LPL mRNA 
levels in 3T3-F442A adipocytes although there was 
a decrease in adipsin mRNA levels. Direct effects 
have been observed in other cells. Incubation of 
murine bone marrow macrophages with retinoic acid 
decreased the secretion of LPL but the maximum 
decrease was not observed until 6 days although a 
46% decrease occurred by I6 hr [23]. 

Effect of retinoic acid treatment in vivo 

Retinoic acid treatment has previously been 
observed to alter LPL activity [6,7]. To determine 
whether retinoic acid in uivo alters LPL mRNA 
levels rats were fed all-truns retinoic acid. The weight 
of the rats fed retinoic acid increased by a factor of 
1.16 It 0.03 while the weight of the controls increased 
by a factor of 1.19 t: 0.03. The amount of food eaten 
by the rats was similar for both groups with the 
retinoic acid-treated rats eating 19.4 g/night/rat and 
the control rats eating 20.8 g/night/rat. 

Retinoic acid treatment had no effect on heart 
LPL activity or mRNA levels (Table 3). However, 

there was a significant fall in adipose tissue LPL 
activity in the retinoic acid-treated rats to 54% of 
the control values (Table 3). No corresponding effect 
on adipose tissue LPL mRNA levels was observed 
(Table 3). Similar values were obtained when the 
LPL mRNA levels were normalized with pactin. 
These findings show that the change in adipose tissue 
LPL activity is not the result of decrease mRNA 
levels. 

LPL activity is higher in the heart in the fasted 
state than the fed state and so an effect of retinoic 
acid might be more evident during fasting. Therefore, 
LPL activity and mRNA levels were determined in 
the hearts taken from rats killed at 4.00 p.m. 
following 4 nights of retinoic acid treatment. The 
results in Table 3 show that all-tranf retinoic acid 
did not cause a significant change in either heart 
LPL activity or mRNA levels. 

The results presented here confirm that one cause 
of the elevated plasma triacylglycerol levels observed 
in humans and rats treated with vitamin A or retinoic 
acid derivatives [l-4] could be the decrease in LPL 
activity in adipose tissue. However, no effect on 
LPL activity was observed when adipose tissue was 
incubated for up to 12 hr with all-truns retinoic acid. 
These findings suggest that the decrease in enzyme 
activity observed in vivo may be a secondary effect 
of retinoic acid. 

No signal was detected for LPL mRNA in total 
liver RNA extracted from either retinoic acid-treated 
or control rats. LPL mRNA is not normally detected 
in adult liver [24,2.5]. However, Enerback et al. [26] 
found that a single dose of tumour necrosis factor, 
which like retinoic acid decreases LPL activity during 
the adipose conversion of 3T3 preadipocytes, 
produced a marked increase in LPL mRNA in 
guinea-pig liver. As tumour necrosis factor also 
decreases the levels of LPL mRNA [27] it is of 
interest that retinoic acid does not induce the 
appearance of LPL mRNA in rat liver. 
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