Unusual Increase of Lipogenesis in Rat White Adipose Tissue After Multiple
Cycles of Starvation-Refeeding
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The purpose of the study was to determine the response of liver and brown (BAT) and white (WAT) adipose tissue lipogenesis
and total body weight in rats subjected to multiple cycles of 3 days of fasting and 3 days of refeeding. Rats fasted for 3 days
showed significant reduction in body weight. These changes were reversed on 3 days’ refeeding. Body weight was much
higher in rats fed ad libitum than in animals experiencing more than one cycle of 3 days of fasting followed by 3 days of
refeeding. Despite the significant body weight reduction, an unusual increase of lipogenesis in WAT was found after multiple
cycles of starvation-refeeding of rats on standard laboratory diet. The rate of lipogenesis in the liver and BAT was also elevated
but to a much smaller extent. A parallel increase in enzymatic activities related to fatty acid synthesis, ie, fatty acid synthase,
acetyl-coenzyme A carboxylase, adenosine triphosphate (ATP)-citrate lyase, NADP-linked malic enzyme, and hexose
monophosphate shunt dehydrogenases, suggests that the increased rate of lipogenesis in WAT is a consequence of increased
lipogenic enzyme activities. These data suggest that upregulation of WAT lipogenesis occurs after the multiple cycles of the
starvation-refeeding protocol. An unusual increase of lipogenesis in rat WAT may have a survival advantage, because
starved-refed rats must develop the ability to ingest large amounts of food during a refeeding period to store it in a convenient
form than can be used as an oxidizable substrate during a period of starvation. Moreover, these results suggest that it is

possible to develop appropriate starvation-refeeding conditions that may inhibit body weight gain.

Copyright © 1997 by W.B. Saunders Company

T IS WELL ESTABLISHED that starvation followed by
refeeding causes an increase in rat liver lipogenic enzyrhe
activity in comparison to the levels obtained with the same diet
fed ad libitum.!"* The magnitude of the increase is dependent on
the diet composition and the species, age, and sex of the
animal.>® These changes in enzyme activity are considered to
be due to an alteration in the rate of enzyme protein synthesis as
a consequence of increased cellular concentration of specific
mRNAs.>15 Numerous studies showed that the increased lipo-
genic capacity was not confined to the liver, but occurred also in
white adipose tissue (WAT).'®!® Furthermore, it has been
reported that after the second cycle of starvation-refeeding, the
increase in liver malic enzyme and hexose monophosphate
shunt dehydrogenase activities is even greater than after one
starved-refed cycle.?®2! Multiple cycles of starvation-refeeding
in the experimental animal model could mimic the changes of
lipogenic enzyme activity and possibly the rate of lipogenesis in
human beings exposed to multiple cycles of a prolonged period
of starvation or food restriction due to various eating disorders,
or during treatment of obesity with restriction of food intake?*23
followed by uncontrolled refeeding. Although the existence of
adaptive responses to prolonged fasting or food restriction is
generally accepted, adaptive responses to repeated fasting/
refeeding are not well documented. There have been sugges-
tions that repeated dieting may induce a resistance to weight
loss and even an increase in body weight gain during refeeding
periods.?12627 Thus, the question arises as to what are the effects
of dieting on body weight loss/gain and on lipogenesis. A defect
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in the regulation of lipogenesis, ie, sustained elevation of fatty
acid biosynthesis, may be important for the development of
obesity,”®? a serious chronic disease with medical sequelae
including hypertension, cardiovascular and respiratory diseases,
non—insulin-dependent diabetes mellitus, and cholelithiasis,
resulting in considerable morbidity and mortality.?® The impor-
tant medical problem is that humans who are overweight should
attermpt to lose the excess weight. Most patients in weight-
reduction programs begin to regain weight shortly after the end
of active therapy,® and in some patients regain occurs despite
continued therapy.>! The regain process has not been well
studied. Thus, there is a need to understand the process so that
appropriate therapies can be developed to help the formerly
obese retain lean body mass while resisting the regain of body
fat.

Because of the clinical importance of repeated cycles of
dieting in humans, we examined the effect of multiple cycles of
starvation-refeeding with a standard laboratory diet on the body
weight, lipogenic enzyme activity, and rate of lipogenesis in the
rat. Finally, we examined whether similar changes occur in all
main lipogenic tissues, ie, the liver, WAT, and brown adipose
tissue (BAT).

MATERIALS AND METHODS
Animals

Male Wistar rats weighing approximately 230 g at the start of the
investigation were maintained in wire-mesh cages at 22°C with an
alternating 12-hour light/dark cycle (light from 8 aM to 8 M) and were
allowed free access to food and tap water (control group). Starvation for
72 hours started at 8 AM, and then the animals were fed a finely ground
commercial diet (LSM-Centralne Laboratorium Przemyslu Paszowego,
Motycz, Poland) for 72 hours (one cycle of starvation-refeeding) (Table
1). This procedure was repeated two, five, eight, or 12 times (for most
experiments; one and eight times). After eight cycles of starvation-
refeeding, randomly selected animals were continuously fed for up to
80 days. In this subgroup, only body weight was determined. Four rats
were killed at the end of the 72-hour period of starvation of cycle 8.
Also, after 12 cycles of starvation-refeeding, six rats were fed standard
laboratory diet for 6 days and then killed, and the liver, WAT, and BAT
were used for malic enzyme assay. All rats were allowed free access to
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Table 1. Composition of the Standard Laboratory Diet

Component Amount
Nutrients and minerals (mean content in the
diet, %)
Nitrogen-free extract 49.2
Crude protein 23.0
Crude fiber 45
Crude fat 25
Ash 3.1
Moisture 13.0
Lysine 0.75
Methionine + cystine 0.55
Calcium 1.1
Phosphorus 0.75
Magnesium 0.2
Sodium 0.2
Potassium 1.0
Trace elements {(mean content in 1 kg diet, mg)
Manganese 75.0
lron 50.0
Copper 5.0
lodine 0.75
Zinc 25.0
Cobalt 1.5
Vitamins {additive in 1 kg diet)
A 8,000 U
D, 1,000 U
E 60.0 mg
K 4.0 mg
B, 5.0 mg
B, 10.0 mg
Bg 6.0 mg
B, 20.0 ng
Cc 40.0 mg
Nicotinic acid 40.0 mg
Folic acid 2.0mg
Pantothenic acid 20.0 mg
Biotin 0.2 mg
Choline 750.0 mg

tap water. At the end of each study, control and treated rats were used for
estimation of in vivo fatty acid synthesis or for in vitro enzyme activity
studies.

Measurement of Lipogenesis

Fatty acid synthesis in vivo was measured by determining the
incorporation of tritium from tritiated water into fatty acids, as
described previously.?>* Rats (control and treated) were injected
intraperitoneally with 5 mCi (0.2 mL) 3H,0. After 60 minutes, the
animals were killed, the liver, epididymus, and BAT were removed, and
samples were taken for extraction of lipids. Tissue samples were
saponified, and the fatty acid fraction was extracted.*> Heparinized
blood was collected for measurement of specific radioactivity of the
plasma water.’? It should be noted that animals used for 3H-
incorporation studies did not undergo enzymatic determination, to avoid
contamination of the laboratory with tritiated water.

Enzyme Activity Assay

For determination of enzyme activity, animals were decapitated (all
experiments were started at 8§ AM) and total interscapular BAT or pieces
of liver and epididymal WAT were removed and weighed. In some
experiments, blood was collected for determination of plasma insulin by
standard radioimmunoassay.
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One gram of liver, kidney cortex, brain, heart, skeletal muscle, WAT,
and total BAT (~250 mg) were placed in 8 mL ice-cold 20-mmoV¥/L Tris
hydrochloride buffer (pH 7.8) containing 0.2% Triton X-100. Care was
taken to dissect away any WAT adhering to the BAT. The tissues were
minced finely with scissors, homogenized manually with a Teflon-pestle
homogenizer, and centrifuged at 30,000X g for 20 minutes. The
resulting supernatant was decanted, and the pellet was resuspended in 5
mL isolation medium, rehomogenized, and centrifuged as above. The
resulting supernatant was combined with this after the first centrifuga-
tion step and used for enzyme assay.

The fatty acid synthase (EC 2.3.1.85), adenosine triphosphate
(ATP)-citrate lyase (EC 4.1.3.8), malic enzyme (EC 1.1.1.40), and
hexose monophosphate dehydrogenases (glucose-6-phosphate dehydro-
genase, EC 1.1.1.49; and 6-phosphogluconate dehydrogenase, EC
1.1.1.44) were assayed as described previously.3>3¢ All assays were
performed in duplicate at 37°C using a Beckman DU 68 spectrophotom-
eter (Beckman Instruments, Fullerton, CA). The absorbance change
both against time and against enzyme concentration was linear.
Acetyl-coenzyme A carboxylase (EC 6.4.1.2) activity was measured by the
HMCO;™ fixation assay according to the method of Salati and Clarke.3”
Protein assays were performed according to the method of Peterson.

Chemicals

All nonradioactive substances used were obtained from Sigma
Chemical (St Louis, MO) or Merck (Darmstadt, Germany). *H,0 and
NaH'“COj; were obtained from Amersham Buchler and Co (Braunsch-
weig, Germany).

RESULTS

Initial body weights were similar both in controls and in the
starved-refed group (Fig 1). Control rats gained weight con-
stantly over the period tested. In starved-refed rats, the net loss
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Fig 1. Body weight of rats fed ad libitum (@) or experiencing 8
cycles of starvation-refeeding (O). Each point is the mean = SD
weight of 18 animals.
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of body weight after each 3-day fast remained essentially
constant over the course of the experiment. Body weights of
starved-refed rats were significantly lower than those of animals
fed ad libitum at each point tested (except after one cycle of
starvation-refeeding). Body weights after eight cycles of starva-
tion-refeeding were significantly lower (235 + 13 g) than
control weights (315 = 25 g). Starved-refed rats did not gain
weight in comparison to their initial weight. When rats sub-
jected to eight cycles of starvation-refeeding were refed continu-
ously, from 48 to 54 days they gained much more body weight
than control animals. However, later (from 54 to 80 days), these
rats continued to gain weight at the same rate as control animals.
After eight cycles of fasting-refeeding, food intake during 3
days of refeeding was 123 & 12 g per rat. Rats fed ad libitum
had a 3-day food intake of 72 * 11 g per rat, which remained
constant through 48 days of treatment. After one cycle of
starvation-refeeding, food intake during 3 days of refeeding was
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BAT

Fig2. Effect of repeated cycles
of starvation-refeeding on lipo-
genesis in rat WAT, liver, and BAT,
a, control; b, 1 cycle; ¢, 8 cycles.
Each bar represents the mean =
SD; n = 8 animals. All values in
treated animals were significantly
(kP < .05, kP < .001) differ-
ent from controls.

essentially similar to control levels (82 = 10 g per rat). These
data indicate that throughout the entire 48-day “cycling pe-
riod,” total food intake of rats in the experimental group was
less (123 g per rat per 6-day cycle) than in the control group
(144 g per rat per 6-day cycle). Presumably, this accounts for
the substantial differences in body weight of the two groups
after 48 days of treatment (Fig 1). When cycling was discontin-
ued (ie, days 48 to 80), food intake gradually increased from
123 g per rat during the refeeding period of the last 6-day cycle
to the level of the control group.

To determine whether weight loss resulted in any changes in
lipogenic activity, the rate of in vivo fatty acid synthesis was
determined. Using liver and adipose tissue from the same
animals, it was possible to compare lipogenesis changes in all
main lipogenic tissues. After one cycle of starvation-refeeding,
lipogenesis increased approximately threefold in WAT com-
pared with the rates in rats fed ad libitum (Fig 2). There was also
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ferent from controls.
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found in liver and BAT.

a substantial increase (~twofold) of lipogenesis in the liver, but
no significant increase was observed in BAT. The rate of
lipogenesis in WAT increased severalfold after eight cycles of
starvation-refeeding. In contrast, lipogenesis in the liver and
BAT did not increase substantially after eight cycles of starvation-
refeeding compared with one cycle (Fig 2). To gain insight into
the mechanism of the increase in lipogenesis induced by
multiple cycles of starvation-refeeding, we examined the activ-
ity of lipogenic enzymes. After one cycle of starvation-
refeeding, fatty acid synthase activity increased approximately
twofold in WAT and liver, but only a minor effect was observed
in BAT. After eight cycles of starvation-refeeding, an unusual
increase of fatty acid synthase activity was observed in WAT.
No such changes were observed in the liver and BAT (Fig 3).
The effect of multiple cycles of starvation-refeeding on
acetyl-coenzyme A carboxylase (Fig 4) and adenosine triphos-
phate-citrate lyase (Fig 5) activity in WAT was essentially
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similar to that found for fatty acid synthase. Thus, the rate of
lipogenesis and the activities of key lipogenic enzymes are
coordinately regulated in WAT by multiple cycles of starvation-
refeeding. Furthermore, the enzymes participating in NADPH
production required for fatty acid synthesis, ie, hexose mono-
phosphate shunt dehydrogenases (Fig 6) and malic enzyme (Fig
7), were affected to a greater extent in WAT by multiple cycles
of starvation-refeeding than the rate of lipogenesis and the
activity of key lipogenic enzymes. In the case of malic enzyme,
we performed more detailed experiments, checking the enzyme
activity after one, two, five, eight, and 12 cycles of starvation-
refeeding. After one cycle of starvation-refeeding, malic en-
zyme activity increased approximately threefold in WAT as
compared with levels in rats fed ad libitum (Fig 7A). There was
also a substantial increase of enzyme activity in the liver
(~threefold; Fig 7B) and in BAT (~twofold; Fig 7C). A second
cycle of starvation-refeeding caused approximatety a 20-fold
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increase of malic enzyme activity in WAT. It also caused a
greater response of hepatic malic enzyme than one cycle;
however, the induction was much lower than in WAT. Surpris-
ingly, no substantial increase of malic enzyme activity was
observed in BAT after a second cycle of starvation-refeeding.
After five cycles of 3 days of fasting followed by 3 days of
refeeding, malic enzyme activity in WAT increased approxi-
mately 30-fold compared with control levels and approximately
10-fold compared with levels obtained with one cycle of
fasting-refeeding (Fig 7A). A substantial increase of malic
enzyme activity after five cycles of starvation-refeeding was
also observed in the liver (~ninefold v control or ~threefold v
one cycle of fasting-refeeding; Fig 7B). However, in BAT, only
a twofold increase of malic enzyme activity was observed as
compared with control levels, and only a small increase was
noted as compared with levels obtained by one cycle of
starvation-refeeding (Fig 7C). The activity of WAT malic
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enzyme reached maximal levels (~40-fold increase v control)
after eight cycles of starvation-refeeding (Fig 7A). In contrast,
liver (Fig 7B) and BAT (Fig 7C) malic enzyme activity reached
maximal levels after five cycles and one cycle, respectively.
When rats were fed standard laboratory diet ad libitum for 6
days after 12 cycles of starvation-refeeding, malic enzyme
activity remained much higher than the control level in all
lipogenic tissues studied (Fig 7).

Lipogenesis and lipogenic enzyme activities were measured
at the end of the starvation-refeeding cycle, and one may thus
conclude that it is not a great surprise that enhanced conversion
of carbohydrate through lipogenesis occurred toward the end of
this refeeding phase. However, it should be pointed out that
fatty acid synthase and malic enzyme activities measured at the
end of the 72-hour period of fasting of the eight cycles of
starvation-refeeding were significantly higher than after 72-
hour fasting of “noncycled” animals (Fig 8).
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A 2500 ¢ DISCUSSION

‘ | One experimental animal model that may be useful in
Z 2000 - . studying the weight loss/regain process is the starvation-
£ 5 refeeding model first described by Tepperman and Tepperman’
é £ 4500 | = nearly 40 years ago. Szepesi t al 2! using a two-cycle starvation-
= % B35 refeeding experimental model, showed that starved-refed rats
§ € 1000 - e S continued to gain weight faster than ad libitum—fed animals.
5 1 S Desautels and Dulos,* using 1 day of fasting followed by 2
500 | days of refeeding as the experimental model, showed that the
o final body weight of mice after 12 cycles of starvation-refeeding
o Lo » bl b B was similar to that of animals fed ad libitum. These results agree
control  a b c d e f with data reported by Lizotte et al,” who showed no change in
body weight and adiposity after three cycles of food restriction
B in male rats. Using more drastic conditions, ie, 3 days of fasting
100 | o ohox - followed by 3 days of refeeding, we observed a significant
2 decrease of body weight in treated rats compared with animals
% S 80| . fed ad libitum (Fig 1). The results suggest that it is possible to
o E . il develop appropriate starvation-refeeding conditions that would

% % 60 I il be useful in helping humans retain lean body mass.
g £ I o Despite a significant reduction of body weight after multiple
g =40 F starvation-refeeding cycles, WAT exhibits a surprisingly high
rate of lipogenesis and lipogenic enzyme activity. The liver and
207 especially BAT were much less responsive to multiple cycles of
o L R B starvation-refeeding compared with WAT. This suggests that the

control & b c d e f increase of lipogenesis observed in WAT of starved-refed rats
upon refeeding is the major determinant in directing dietary
carbohydrate for deposition in the form of triacylglycerols.

cyr o= = T Partial support for this view comes from a study reported by De
2 1000 | e Bont et al,** who showed that incorporation of labeled glucose
% =~ I . - into WAT lipid in vitro remained higher in meal-fed rats than in
Pt E 800 rats fed ad libitum. This is also in accordance with the recent
E E goo | report that upon refeeding, WAT of meal-fed rats exhibits higher
g E rates of lipogenesis than the liver or BAT.!® Furthermore, WAT
L £ 400 | S of dieting men*! and laboratory animals*? exhibits a greater
0 FAS ME
0 ] BRR BBl KRG R By
control a b c d e f
Fig 7. Effect of starvation-refeeding on malic enzyme activity in 15 ( 600 ool
WAT (A), liver (B), and BAT (C). a, 1 cycle; b, 2 cycles, ¢, 5 cyc!es, d 8 .
cycles, and e, 12 cycles of starvation-refeeding; f, 12 cycles of
starvation-refeeding followed by feeding with standard laboratory -
diet for 6 days. Values are the mean = SD (vertical lines) from 6 "§ [@)]
{a,b,c.e, and f) or 12 (control and d) rats. All values in treated animals 5 E 10 | 400
were significantly (A& P < .001) different from controls. ® £
o £
To gain more information about tissue specificity of malic & g
enzyme activity regulation by starvation-refeeding conditions, 5 5 5 | 200
we assessed the enzyme activity in control conditions and after
eight cycles of starvation-refeeding in the following tissues:
kidney cortex, brain, heart, and skeletal muscle. The ratios of
starvation-refeeding versus control samples were as follows: 0 0
1.09, 0.93, 1.06, and 1.16, respectively. Hence, no response in a b a b
malic enzyme activity could be detected in any of the nonlipo- :
genic tissues. The lack of response to multiple cycles of Fig 8. Effect of starvation-refeeding on fatty acid synthase (FAS)
starvation-refeeding exhibited by kidney cortex, brain, heart, and malic enzyme (ME) activity in WAT. a, noncycled rats starved for

c . . . 72 hours; b, 8 cycles in animals killed at the end of 72 hours of
and skeletal muscle indicates that malic enzyme in these tissues > . e ) .
) starvation. For experimental conditions, see Figs 3 and 7. All values in

is mot coordinately regulated with the enzyme in lipogenic cycled animals were significantly (kP < .001) different from
tissues. controls.
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capacity for deposition of dietary fat, due to increased activity
and expression of lipoprotein lipase. Thus, we conclude that
starvation-refeeding may lead to an increase of lipogenesis and
lipoprotein lipase in WAT, thereby potentially enhancing 11p1d
storage in this tissue.

The increased activities of key enzymes in the hpogemc
pathway may play a c;ruc1a1 role in the increased rate of fatty
acid synthesis. However, questions as to how multiple cycles of
starvation-refeeding produce these changes and why the in-
crease of lipogenic enzymes in WAT was quantitatively much
greater than in liver and BAT remain unanswered. One can only
speculate that WAT is much more sensitive to an alteration in
the hormonal milieu (which takes place during multiple cycles
of starvation-refeeding) than the liver or BAT. Some data*>*
suggest that insulin could play a crucial role in the upregulaﬁon
of lipogenesis in WAT after the starvatlon-refeedlng situation
imposed. However, in “our experimental model we did not
observe a statistical difference in serum insulin con_centratlons
in controls and rats subjected to eight cycles of starvation-
refeeding (not shown).

Despite the unknown mecha.msm of the effect of multiple
cycles of starvation-refeeding on hpogemc enzyme activity, our
data indicate that with repeated starvanon-refeedmg, enzyme
activity levels become chronically elevated, especially in WAT,
placing the animals in a metabolic state favoring more efficient
lipogenesis. The increased capacity for hpogenesm of WAT in
dieting rats after feeding may have a survival - advantage,
because it redirects glucose for conversion to fatty acids and
subsequently to triacylglycerols for storage rather than immedi-
ate oxidation, thereby potentially enhancing lipid accurnulation
in adipocytes. In less drastic conditions, ie, 1 or 2 days of
starvation followed by 3 days of feeding, this change would
favor a return to obesity in reduced-obese animals.

KOCHAN, KARBOWSKA, AND $WIERCZYNSKI

The starvation-refeeding protocol used in our studies may
represent abnormal nutritional conditions that limit extrapola-
tion to huma.ns However, such conditions may exist in some
patients with eating disorders.? Furthermore, two important
problems must be discussed. Firstly, typical human diets are
much higher in fat than diets used in the experiments presented
herein. Secondly, l_ipogehesis in humans likely happens in the
liver and not in adipose tissues. However, we do not known
what happens with lipogenic enzyines and consequently with
lipogenesis in human adipose tissiie after multiple cycles of 3
days of fasting and 3 days of refeeding ahigh- carbohydrate diet.
Considering that lipogenic enzymes are present in human
adipose tissue,*” it canmot be excluded that multiple cycles of
fasting and refeeding cause a slgmﬁcant increase in their
activity. However, it is obvious that further investigation will be
necessary to establish whether human lipogenesis is influenced
by multiple cycles of fasting-refeeding.

In conclusion, the results ihdicaté that multiple cycles of
starvation-refeeding impose a stress on rats that requires special
adaptation for survival. Starved-refed animals must develop the
ability to ingest large quantities of food durlng refeeding to
store in a convenient form that can be used as an oxidizable fuel
dunng a period of starvauon WAT becomes an organ of great
importance as the site of fat synthe51s and storage. This may be
why WAT is the site of the major enzymatic adaptive changes
observed in starved-refed rats. ' '

ACKNOWLEDGMENT

We are indebted to Professor Mariusz M. Zydowo for critique and
discussion of the manuscript, and to Elzbieta Goyke for technical
assistance.

REFERENCES

1.. Tepperman HM, Tepperman J: The hexose monopﬁosphate shunt
and adaptive hyperlipogenesis. Diabetes 7:478-485, 1958

2. Wakil SJ, Stoops JK, Joshi VC: Fatty acid synthesis and its
régulation. Annu Rev Biochem 52:537-579, 1983

3. Goodridge AG: Dletary regulatlon of gene expression: Enzyres
involved in carbohydrate and lipid metabolism. Annu Rev Nutr
7:157-185, 1987

4. Frenkel R: Regulation and physiological functions of malic
enzyme. Curr Top Cell Regul 9: 157-181, 1975

5. Baldwin RL, Ronhing M, Radanowics C, et al: Effect of
carbohydrate and fat intakes upon the activities of several liver enzymes
in rats, guinea piglets, piglets and.calves. J Nutr 90:47-55, 1966

6. Lee VM, Szepesi B, Hansen RJ: Gender-linked dlfferences in
dietary mducmon of hepatic glucose-6-phosphate dehydrogenase and
malic enzyme in the rat. J Nutr 116:1547-1554, 1986

7. Nace CS, Szepesi B: D1§tary fatty acids and the control of
glucose-6-phosphate dehydrogenase and malic enzyme in the starved-
refed rat. J Nutr 106:285—291, 1976

8. Tepperman HM, Tepperman J: On the response of hepatic
glucose-6-phosphate dehydrogenase activity to changes in diet compo-
sition and food intake pattern. Adv Enzyme Eegul 1:
121-136, 1963 )

9. Siddiqui UA, Goldflam T, Goodridge AG: Nutritional and
hormonal regulation of the translatable levels of malic enzyme and

albumin mRNAs in avian liver cells in vivo and in culture. J Biol Chem
256: 4544 4550, 1981

10. Goldman MIJ, Back DW Goodndge AG: Nutritional regulation
of the synthesis and degradation of malic enzyme messenger RNA in
duck liver. J Biol Chem 260:4404-4408, 1985

11. Back DW, Wilson SB, Morris SM Jr, etal: Hormonal regulatlon
of hpogemc enzymes in chick embryo hepatocytes in culture. Thyroid
hormione and glucagon regulate malic enzyme mRNA level at post-
transcriptional step. J Biol Chem 261:12555-12561, 1986

12. Wilson SB, Back DW, Morris SM Jr, et al: Hormonal regulat1on
of lipogenic enzymes in chick embryo hepatocytes in culture. Expres-
sion of the fatty acid synthase gene is regulated at both translational and
pretranslational step 1 Biol Chem 261:15179-15182, 1986

13. Stapleton SR, Mitchell DA, Salati LM, et al: Triiodothyronine
stimulates transcription of the fatty acid synthase gene in chick embryo
hepatocytes in culture. J Biol Chem 265:18442-18446, 1990

14. Swierczynski J, Mitchell DA, Reinhold DS, et al: Triiodothyro-
nine-induced accumulation of malic enzyme, fatty acid synthase,
acetyl-coenzyme A carboxylase, and their mRNAs are blocked by
protein kinase inhibitors. J Biol Chem 266: 17459 17466, 1991

15. Girard J, Perderean D, Foufelle F, et al: Regulatlon of lipogenic
enzyme gene expression by nutrients and hormones. FASEB J 8:36-42,
1994

-16. Hollifield G, Patson W: Metabolic adaptatlon to a “stuff and
starve” feeding prograni. 1. Studies of adlpose tissue and liver glycogen



EFFECT OF STARVATION REFEEDING ON LIPOGENESIS

in rats limited to short daily feeding period. J Clin Invest 41:245-249,
1962

17. Leveille GA: In vivo fatty acid synthesis in adipose tissue and
Tiver of meal-fed rats. Proc Soc Exp Biol Med 125:85-88, 1967

18. Leveille GA: Adipose tissue metabolism: Influence of periodic-
ity of eating and diet composition. Fed Proc 29:1294-1301, 1970

19. Pallardo FV, Williamson DH: Comparison of the flux of carbon
to hepatic glycogen deposition and fatty acid and cholesterol synthesis
on refeeding rats fed ad libitum or meal-fed rats with a chow-diet meal.
Biochemn J 257:607-610, 1989

20. Szepesl B, Berdanier CD, Diachenko SK, et al: Effect of repeated
starvation on serum insulin level and the enzyme overshoot in liver. Can
J Biochem 49:393-395, 1971

21. Szepesi B, Vegors R, Michaelis OF, et al: Long-term effects of
starvatlon-refeedlng in the rat. Nutr Metab 19:45-54, 1975

22. Autry JH, Stover ES, Reatlg N et al: Anorexia nervosa and
bulimia. Arinu Rev Public Health 7:535- 543, 1986

23. Frankle TR: Dietbtherapy in the treatment of disease, in Hirsch J,
Van-Itallie TP (eds): Recent Advances in Obesity Research. Loridon,
UK, Libbey, 1983; pp 176-178

24. Brownell KD, Rodin J: Medical, metabolic, and psychological
effects of weight cycling. Arch Intern Med 154:1325-1330, 1994

25. Browrlell KD, Rodin J: The dieting maelstrom. Is it possible and
advisable to lose weight. Am Psychol 49:781-791, 1994

26. Kolata G: Obese children: A growing problem. Science 232:20-
21, 1986

27. Lizotte J, West DB, Brown JE, et al: The effects of repeated
cycles of restriction in male and female Sprague—Daney rats. Fed Proc
46:880, 1987 (abstr)

28. Olowookere JO: The bioenergetics of obesity syndrome. World
Rev Nutr Diet 70:132-170, 1992

29. Schtemgart DE: Obesity, in Kelley WN (ed): Textbook
of Internal Medicine. Philadelphia, PA, Lippincott, 1989, pp 2278-2284

30. Goodrick GK, Foreyt JP: Why treatments for obesity don’t last. J
Am Diet Assoc-91:1243-1247, 1991

31. Geliebter A, Melton PM, Gage D, et al: Gastric balloon to treat
obesity: A double-blind study in nondieting subject. Am J Clin Nutr
51:584-588, 1991

32. Stansbie D, Brownsey RW, Crettaz M, et al: Acute effects in vivo
of anti-insulin serum on rates of fatty acid synthesis and activities of
acetyl-coenzyme A carboxylase and pyruvate dehydrogenase in liver
and epididymal adipose tissue of fed rats. Biochem J 160:413-416, 1976

17

33. Trayburn P: Fatty acid synthesis in brown adipose tissue in
relation to whole body synthesis in the cold-acclimated golden hamster
(Mesocricetus auratus). Biochim Biophys Acta 620:10-17, 1980

34. Kochan Z, Bukato G, Swierczynski J: Inhibition of lipogenesis in
rat brown adlpose tissue by clofibrate. Blochem Pharmacol 46:1501-
1506, 1993

35. Zelewski M, Swierczynski J: Comparative studies on lipogenic
enzyme activities in brown adipose tissue and liver of rat during
starvation-refeeding transition and cold exposure. Comp Biochem
Physiol 97B:59-63, 1990

36. Zelewski M, Swierczynski J: The effect of clofibrate feeding on
the NADP-linked dehydfogerlases activity in rat tissue. Biochim
Biophys Acta 785:152-157, 1983

37. Salati LM, Clarke SD: Fatty acid inhibition of hormonal
induction of acetyl-coenzyme A 'ca:rboxylelse in hepatocyte monolayers.
Arch Biochem Biophys 246:82-89, 1986

38. Peterson GL: A simplification of the protein assay method of
Lowry et al, which is more generally applicable. Anal B1ochem
83:346-356, 1977 )

39. Desautels M, Dulos RA: Effects of repeated cyclee of fasting-
refeedmg on brown adipose tissue composition in mlce Am J Physiol
255:E120-E128, 1988

40. De Bont AJ, Rosmos DR, Tsai AC, &t al: Influence of alterations
in meal frequency on lipogenesis and body fat content in the rat. Proc
Soc Exp Biol Med 149:849- 854, 1975

41. Kemn PA, Ong ™, Saffari B, et al: The effects of weight loss on
the activity and expression of adipose tissue lipoprotein lipase in very
obese humans. N Engl J Med 322:1053- 1059 1990

42. Bessesen DH, Robetison AL, Eckel RH: We1ght reduction
increases adipose but decreases cardiac LPL in reduced—obese Zucker
rats. Am J Physiol 261:E246-E251, 1991 ‘

43. Levin BE: Diet cycling and age alter weight gain and insulin
levels in rats. Am J Physiol 267:R527-R535, 1994

44. Assimacopoulos-Jeannet F, Brichard S, Rencurel F, et al: In vivo
effect of hyperinsulinemia on lipogenic enzymes and glucose trans-
porter expression in rat liver and adipose tissues. Metabolism 44:228-
233, 1995

45. Chascione C, Elwyn DH, Davila M, et al: Effect of carbohydrate
intake on de novo lipogenesis in human adipose tissue. Am J Physiol
253:E664-E669, 1987



