70 E. Herrera, R. Sandler and N. Freinkel

Acknowledgments

The authors wish to express their gratitude to Mrs. Mar-
jorie Kodis, Mrs. Betty Stone and Mr. Roger Glasgow for
technical assistance and to Mrs. Renee Chase who typed
the manuscript.

References

Bernardis, L.L. and J.K. Goldman: Effect of hypothalamic
lesion localization and size on metabolic alterations in
weanling rat adipose tissue. J.Neurovisc.Relat. 32: 253-
269 (1972)

Bernardis, L.L. and F.R. Skelton: Stereotaxic localization
of the supraoptic ventromedial and mamillary nuclei in
the hypothalamus of weanling to mature rats. Amer.J.
Anat. 116: 69-74 (1965)

Costrini, N.V. and R.K. Kalkhoff: Relative effects of preg-
nancy, estradiol and progesterone on plasma insulin and
pancreatic islet insulin secretion. J.Clin.Invest. 50: 992-
999 (1971)

Folch, J., M. Lees and G.H. Sloane-Stanley: A simple me-
thod for the isolation and purification of total lipids
from animal tissues. J.Biol.Chem. 226: 497-509 (1957)

Frohman, L.A. and L.L. Bernardis: Growth hormone and
insulin levels in weanling rats with ventromedial hypo-
thalamic lesions. Endocrinology 82: 1125-1132 (1968)

Frohman, L.A., J.K. Goldman, J.D. Schnatz and L.L. Ber-
nardis: Studies of insulin sensitivity in vivo in weanling
rats with hypothalamic obesity. Metabolism 21: 1133-
1142 (1972)

Goldman, J.K., L.L. Bernhardis and L.A. Frohman: Insulin
responsiveness in vitro of diaphragm and adipose tissue
from weanling rats with hypothalamic obesity. Horm.
Metab.Res. 4: 328-331 (1972)

Goldman, J.K. and L.A. Frohman: Effects of glucocorticoid

administration to rats on in vitro intermediary metabolism.

J.Pharmacol.Exp.Ther. 188: 310-317 (1973)

Goldman, J.K., J.D. Schnatz, L.L. Bernhardis and L.A. Froh-
man: Adipose tissue metabolism of weanling rats after
destruction of ventromedial hypothalamic nuclei: Effect
of hypophysectomy and growth hormone. Metabolism
19: 995-1005 (1970)

Hager, D., R.H. Georg, J.W. Leitner and P. Beck: Insulin
secretion and content in isolated rat pancreatic islets fol-
lowing treatment with gestational hormones. Endocrino-
logy 91: 977-981 (1972)

Kalkhoff, R.K.: Effects of oral contraceptive agents and sex
steroids on carbohydrate metabolism. Ann.Rev.Med. 23:
429-438 (1972)

King, JM., and V.C. Cox: The effects of estrogens on food
intake and body weight following ventromedial hypo-
thalamic lesions. Physiol.Psychol. 1: 261-264 (1973)

Lowry, O.H., N.J. Rosebrough, A.L. Farr and J, Randall:
Protein measurement with the Folin phenol reagent.
J.Biol.Chem. 193: 265-275 (1951)

Montemurro, D.G.: Inhibition of hypothalamic obesity in
the mouse with diethylstilbesterol. Can.J.Pharmacol. 49:
554-558 (1971)

Salans, L.B.. Influence of progestin and estrogen on fat cell
size, number, glucose metabolism and insulin sensitivity.
Program of the 53rd Meeting of the Endocrine Society.
Abstract #33, A-59 (1971)

Snedecor, G.W., and W.G. Cochran: Statistical Methods
(ed. 6). Ames, Iowa, Iowa State Univ. Press 1967

Wade, G.N.: Interaction between estradiol-1783 and growth
hormone in control of food intake in weanling rats.
J.Comp.Physiol.Psychol. 86: 359-362 (1974)

Zucker, 1.: Body weight and age as factors determining
estrogen responsiveness in the rat feeding system. Behav.
Biol. 7: §27-549 (1972)

Requests for reprints should be addressed to: Jack K. Goldman, M.D., Veterans Administration Hospital, 3495 Bailey Ave-

nue, Buffalo, New York 14215 (USA)

Horm. Metab. Res. 7 (1975) 70-74
© Georg Thieme Verlag Stuttgart

Comparative Changes in Liver Composition, Acetyl-CoA and Citric Acid
during Fasting in Genetically Obese Hyperglycemic Mice (ob/ob) and

Lean Littermates*

E. Herrera, R. Sandler and N. Freinkel

Center for Endocrinology, Metabolism and Nutrition, and Departments of Medicine and Biochemistry,
Northwestern University Medical School, Chicago, Hlinois, U.S.A.

Summary

Liver mass, cellularity, composition and content of acetyl-
CoA and citrate were compared in obese hyperglycemic
(ob/ob) mice and their lean littermates in the fed state and
following 6, 15 and 72 hr of fasting. Hepatocytes from
ob/ob animals were larger and more abundant at all times
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although they also sustained cytoplasmic shrinkage during
fasting. As judged by sequential changes in the hepatic con-
tent of regulatory metabolites, transition from the fed to
the fasted state occurs more slowly during dietary depriva-
tion in livers of ob/ob mice than in their lean littermates.
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Introduction

The liver is the major site for the biosynthetic trans-
formation of endogenous fuels during the transition
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from the fed to the fasted state. We have previously
characterized the sequential changes in liver compo-
sition and in the content of certain regulatory meta-
bolites that may influence hepatic gluconeogenesis
and lipogenesis in the fed and fasted rat under differ-
ent conditions (Herrera and Freinkel 1968, Herrera,
Knopp and Freinkel 1969, Aranda, Montoya and
Herrera 1972). In the male rat, we observed that a
transitory rise in acetyl-CoA, and a fall in citrate
and glycogen per hepatocyte can be demonstrated
within 6 hr after the withdrawal of food and that
these changes precede the reduction in the size of
liver cells that occurs as the fast is extended (Herre-
ra and Freinkel 1968). The present study was per-
formed to determine whether similar changes obtain
in other species and whether they are modified when
obesity and hyperinsulinism precede the period of
dietary deprivation. Towards these objectives, the
genetically obese, hyperglycemic Bar Harbor strain
of mice (ob/ob) and their lean litter mates were ex-
amined. The concurrence of increased adiposity, hy-
perphagia, hepatomegaly and hyperinsulinism in adult
ob/ob animals has been well documented (Cameron,
Stauffacher and Renold 1972).

Materials and Methods

Genetically obese, hyperglycemic male mice (ob/ob) and

lean littermates were purchased from the Jackson Memorial
Laboratory (Bar Harbor, Maine, USA) and maintained in

our laboratory on commercial pellet diet. Studies of fasting
were initiated by transferring paired lean and obese, 3-4
month old (adult) mice to cages with unlimited access to
drinking water only. Animals were sacrificed between 9:00
am and 10:00 am. The duration of the fast was equated with
the prior period of food deprivation.

Animals were stunned by cervical fracture and then decapi-
tated. Blood was collected from the neck into receptacles
containing dried heparin and precipitated with (Ba(OH),-
ZnS04 (Somogyi 1945). Supernatants were analyzed for
glucose (Huggett and Nixon 1957) and total ketones (Bess-
man and Anderson 1957). Livers were excised immediately
following cervical fracture and directly frozen in liquid nitro-
gen. Appropriate aliquots were analyzed for citrate by the
method of Moellering and Gruber (1966) and for DNA phos-
phorus (DNA P), water, protein, phospholipid phosphorus
(phospholipid P), esterified fatty acids of neutral lipids
(equivalent principally to triglyceride fatty acids), glycogen,
and acetyl-CoA as detailed previously (Herrera and Freinkel
1967, 1968). Nuclei were counted in aliquots of fresh liver
by modifications of the technique of Weber and Cantero
(1957) described elsewhere (Herrera et al. 1969).

Results

Lean mice: As body and liver weights fell with fast-
ing (Table 1), the decrements were proportionally
greater for liver. Significant reductions of liver mass
(averaging 19.3% of the wet weight of livers from
fed animals) were already manifest after only 6 hr
of food deprivation. Concentrations of DNA P/g wet
liver weight increased in parallel (Table 1). On the
other hand, the total micromoles of DNA P per liver,
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the total number of nuclei per liver, and the DNA P/
nucleus did not change even after 72 hr fasting
(Table 1). Thus, total liver cellularity was preserved
and the early (i.e. 6 hr) as well as the subsequent
(i.e. 15 and 72 hr) reduction of liver weight during
fasting could be ascribed wholly to decreases in the
size of hepatocytes.

The effect of food deprivation on selected aspects
of liver composition in lean mice are summarized in
Table 2. To correct for the shrinkage of cells and to
provide an index of the content per hepatocyte,
results have been expressed per micromole hepatic
DNA P. On this basis, liver protein, phospholipid P,
and citrate did not change significantly during the
first 6 hr of food deprivation whereas meaningful de-
crements in glycogen (P <.05), and increments in
acetyl-CoA (P <.05), and esterified fatty acids of neu-
tral lipids (P <.01) were already evident at this time
(Table 2). As the fast was prolonged for 72 hr, the
hepatic content of protein, phospholipid P, and gly-
cogen decreased 31.3%, 31.9% and 88.4% respectively
below values in the fed state whereas esterified fatty
acids of neutral lipids increased an average of 536%.
Concomitantly, after 72 hr fasting, water per hepato-
cyte had diminished an average of 34.9% (Table 2).
Acetyl-CoA and citrate per umole hepatic DNA P
displayed biphasic patterns as the fasts were extended:
Acetyl-CoA returned to fed levels after 15 hr and then
fell below fed levels after 72 hr. On the other hand,
citrate per hepatocyte fell to nadir values at 15 hr and
then began to rise by 72 hr (Table 2).

The values for blood glucose and ketones are shown

in Table 3. The changes in liver composition after 6 hr
fasting were not accompanied by significant alterations
in blood glucose although ketones were already increas-
ed (P <.01). Blood sugar remained within normoglyc-
emic ranges throughout the fast although significant
decrements were seen after 15 hr (P <.01) and further
reductions (P <.01) were manifest by 72 hr. Blood ke-
tones increased progressively throughout the fast
(Table 3).

Obese mice: The obese mice weighed twice as much
as their lean littermates in the fed state and that differ-
ential was preserved throughout 72 hr fast (Table 1).
Differences in liver mass between the lean and obese
mice were even more pronounced: the liver accounted
for a greater percentage of total body weight in obese
animals and contained more DNA P and more nuclei
at all times (Table 1). Ratios for hepatic DNA per nu-
cleus were similar in lean and obese mice whereas the
amounts of DNA P and nuclei per gm of liver were
consistently less (Table 1). Thus, hepatocytes from
obese animals were larger and more abundant than
those of their lean littermates in the fed state as well
as throughout 72 hr fasting. Indeed, by this criterion,
the fed state was prolonged in obese animals. Their
DNA P per mg wet liver weight after 15 hr fasting



Table 1. Effect of starvation on body and liver weights and liver cellularity in normal and genetically obese mice. Means * S.E.M. The Number of paried litter mates examined
at each time point are denoted in parentheses. P refers to the differences between fed and starved groups and P’ to the difference between each group and its respective lean

control under the same dietary status.

L

Group  hof fast  Body wt. Liver wt. Liver DNA  Phosphorus Liver Nuclei
®) P ®) P umol/g P Mmol/liver P 1x108%/g P 1x10%gver P
Lean 0 23.913.1 (15) - 1.5040.22 (15) - 6.5840.21 (13) - 9.6140.19 (13) — 1.7940.08 (6) — 2.6510.09 (6) -
6 22.8%1.3 (15) N.S.* 1.2140.09 (15) <0.05 8.4240.10 (11) <0.001 10.7 #0.53 (11) N.S. — — — -
15 21.6%1.0 (15) N.S. 1.1140.03 (15) <0.01 9.0110.12 (14) <0.001 9.484#0.31 (14) N.S. - — — —
72 18.0£1.3 (15) <0.001 0.8240.02 (15) <0.001 9.92#40.18 (13) <0.001 9.6310.19 (13) N.S. 2.8940.21 (6) <0.001 2.8240.20 (6) N.S.
QObese 0 47.6%2.1 — 3.9540.59 - 4.2510.16 — 14.610.13 — 1.0710.09 (6) - 3.4310.17 (6) —
P’ <0.001 P’ <0.001 P’ <0.001 P’ <0.001 P’ <0.001 P’ <0.001
6 43.013.2 N.S. 2.9940).30 N.S. 5.3110.11 <.01 15.410.63 N.S. - - — —
P’ <0.001 P’ <0.001 P’ <0.001 P’ <0.001 — — - —
15 37.044.1 <0.001 2.4110.31 <0.05 6.2710.63 <0.01 15.540.51 N.S. - - - -
P’ <0.001 P <0.001 P <0.001 P’ <0.001
72 35.912.0 <0.001 1.6910.12 <0.001 7.2410.28 <0.001 14.310.21 N.S. 1.8610.18 (6) <0.001 3.7740.19 (6) N.S.
P’ <0.001 P’ <0.001 P’ <0.001 P’ <0.001 P’ <0.001 P’ <0.001

*N.S. denotes “not significant” (i.e. p > 0.05)

Table 2. Effect of starvation on liver composition in normal and genetically obese mice. Means + S.E.M. The number of paried litter mates examined at each time point are de-
noted in parentheses. P refers to the differences between fed and starved groups and P’ to the difference between each group and its respective lean control under the same die-

tary status

[oYUI_T,] ‘N pU® IS]pUES *Y ‘BIous)] g

Group  h of fast Water Protein Phospholipid {E;Téiigisegffigu_ Glycogen Acetyl-CoA Citrate
(mg/pmole P (mg/pmole P (mg/pmole P tral lipids (Umol/ (mg/pmole P (nmol/umole P (nmol/umole P
DNA P) DNA P) DNA P) Umole DNA P) DNA P) DNA P) DNA P)
Lean 0 10613 (6) — 25.2%1.1 (5) - 4.6410.44 (6) - 4.1+1.2 (6) — 6.910.8 (7) — 6.310.9 (1) - 9247 (7) -
6 - - 21.432.0 (5) N.S.* 4.5210.44 (5) N.S. 9.5+1.3 (5) <0.01 3.840.9 (3) <0.05 10.140.7 (6) <0.0574%9 (6) N.S.
15 - - 17.6%1.5 (5) <0.001 3.2010.24 (8) <0.05 20.2#3.7 (9) <0.001 1.4#0.2 (8) <<0.001 7.330.9 (9) N.S. 26+3 (9) <0.001
72 69%1 (6) <0.001 17.3%1.5 (5) <0.001 3.16X0.16 (7) <0.05 22.0%7.9 (7) <0.001 0.840.1 (7) <0.001 3.4#0.3 (6)<0.001 53*4 (6) <0.001
Obese 0 13917 29.1£2.0 - 7.6410.32 - 131.7£31.0 - 12.1+1.4 - 15.3+2.4 —  112%12 -
P <001 - P’ <0.05 - P’ <0.001 - P’ <0.001 p<0.01 — P <0.001 -— N.S. -
6 - - 23.242.1 N.S. 6.2010.36 <0.05 100.2+48.8 N.S. 6.810.6 <0.01 12.8%2.2 N.S. 141%12 N.S.
N.S. P’ <0.02 P’ <0.001 P’ <0.05 N.S. p> <0.001
15 — - 19.241.3 <0.001 6.3610.32 <0.05 71.939.0 N.S. 3.140.4 <0.001 10.8+1.0 N.S. 4535 <0.001
N.S. P’ <0.001 P <0.001 P’ <0.01 P’ <0.001 P’ <0.001
72 8613 <0.001 20.2%1.8 <0.01 4.5610.08 <0.001 67.7£10.9 N.S. 2.510.3 <0.001 6.510.6 <0.001 686 <0.05
P <0.001 N.S. P’ <0.001 P <0.01 P’ <0.001 P’ < 0.001 P’ <0.05

*N.S. denotes “not significant” (i.e., p > 0.05)
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Table 3. Effect of starvation on blood components in the normal and genetically obese mice. Means * S.E.M. The number
of paired litter mates examined at each time point are shown in parentheses. P refers to the differences between fed and
starved groups and P’ to the difference between each group and its respective lean control under the same dietary status.

Group h of fast Blood glucose P Blood ketone bodies P
(mg/100 ml) (Mmol/ml)
Lean 12826 (7) - 0.4 £0.0 (6) -
1309 (8) N.S.* 0.8 £ 0.1 (6) <0.01
15 956 (7) <0.01 1.3 £0.1 (6) < 0.001
72 622 (6) <0.001 3.4 103 (6) <0.001
Obese 0 313 £23 - 0.7 £0.1 —
P’ <0.001 P’ <0.001
6 163 £ 15 <0.001 0.6 £0.0 N.S.
P <0.08 N.S.
15 116 £ 16 <0.001 1.1 £0.1 <0.05
N.S. N.S.
72 87 £ 10 <0.001 33104 <0.001
P’ <0.05 N.S.

*N.S. denotes “not significant” (i.e., p > 0.05)

(6.27 £ 0.63; Table 1) was not different than in lean
animals with O fast (6.58 £ 0.21; Table 1).

In obese as in lean animals, meaningful decrements in
the content of glycogen per hepatocyte were already
evident after 6 hr fasting (Table 2) and, on a relative
basis, the reductions were of similar magnitude in both
groups (i.e. 43.8% vs 44.9% below the values for O fast
in obese and lean respectively). However, on an abso-
lute basis, the obese again displayed some prolongation
of the fed state and their average glycogen content per
hepatocyte after 6 hr fast (6.8 + 0.6; Table 2) was not
different than in lean animals with O fast (6.9 £ 0.8;
Table 2). Similarly, in contrast to lean animals, the
acetyl-CoA and esterified fatty acids of neutral lipids
in hepatocytes of obese animals did not change during
6 hr fasting and actually tended to fall, though not
significantly at 6 hr. However, since the values for
citrate tended to increase in the obese and to fall in
the lean (Table 2), the differences between the two
groups were highly significant after 6 hr dietary depri-
vation (P <.001). After 15 and 72 hr fasting, obese ani-
mals displayed the same directional changes in acetyl-
CoA and citrate as lean animals although absolute values
for both regulatory metabolites were higher at all time
points. By contrast, directional changes for esterified
fatty acids of neutral lipids were totally different; in
obese animals, the fatty acids fell progressively through-
out the fast (Table 2).

As summarized in Table 3, blood glucose was about
three-fold greater in fed obese than in fed lean mice.
Although blood glucose fell promptly in response to
dietary deprivation, and normoglycemia was achieved
within 15 hr, the absolute values remained significant-
ly greater than in lean littermates throughout the fast.

Blood ketones were also significantly greater in fed
obese (Table 2). However, blood ketones failed to in-
crease further during the first 6 hr of fasting whereas
ketonemia became manifest in lean animals. Thus, af-
ter 6 hr, blood ketones in obese and lean animals
ceased to be significantly different (Table 3).

Discussion

Our present efforts reaffirm that the size of liver cells
must be considered in estimates of the regulatory con-
tent of metabolites during fasting. We found that in
mice, as in rats, total hepatic DNA and numbers of
liver nuclei remained constant during 72 hr of dietary
deprivation whereas total liver weight, water and pro-
tein diminished. Presumably, therefore, fasting did not
alter the total number of hepatocytes although a pro-
nounced contraction of the cytoplasmic mass of indi-
vidual hepatocytes supervened. The same phenomenon
was evident in genetically-obese (ob/ob) animals as in
their lean littermates. However, liver cells were more
abundant and larger in the obese and the relative dif-
ferences between the two groups persisted throughout
the fast. By extrapolation from the shrinkage of liver
cells that occurs, when food is withheld, it is tempting
to speculate that the larger hepatocytes of the obese
animals may reflect the hyperphagia and hyperinsulin-
ism that characterizes their metabolic behavior when
access to food is unrestricted. In the least however,
these features may have contributed to some of the
differences in the response of intrahepatic regulatory
metabolites to fasting in the two groups.

In lean mice, as in normal rats (Herrera and Freinkel
1968), we found that the content of acetyl-CoA per
hepatocyte increased within the first 6 hr following
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withdrawal of food and declined thereafter. We have
previously suggested that this transitory early incre-
ment in acetyl-CoA may reflect an evanescent “pile-
up” of acetyl-CoA within mitochondria as fatty acid
oxidation is initiated while removal of acetyl-CoA for
citrate synthetase has become attenuated, and keto-
genesis has not yet been fully established. Our findings
in lean animals are compatible with this proposal.
Hepatocyte citrate tended to fall during 6 hr of fast-
ing (although not significantly) whereas two-fold in-
crements in blood ketones were becoming manifest.
The concurrent observations in obese animals are al-
so consistent. Acetyl-CoA did not rise during 6 hr of
fasting in the obese whereas hepatocyte citrate tended
to increase, and no significant changes in blood ketones
supervened.

The present studies may furnish some additional in-
sights into the determinants of hepatic citrate. Else-
where we have noted that liver citrate appears to be
acutely responsive to insulin and glucose flux (Herre-
ra and Freinkel 1968). In the present studies, absolute
values for the hepatic content of glycogen were the
same in the obese after 6 hr of fasting as in the lean
animals when fed (Table 2). At the same time, blood
glucose did not change during the 6 hr fasting in the
lean whereas it declined from an initial value of 313
mg% to 163 mg% in the obese (Table 3). Although
inferences concerning gluconeogenic activation are
not warranted from the available data, the glycogen
and blood sugar findings would suggest that con-
tinued utilization of glucose may have prevailed dur-
ing the fist 6 hr of fasting in the obese animals. This
would be consistent with the known reduced capa-
city of obese animals to mobilize lipids during diet-
ary deprivation (Marshall and Engel 1960, Hellman
and Westman 1964, Westman and Hellman 1963).
Conceivably, the postulated prolonged reliance upon
glucose during fasting in the obese may have been
implicated in their significantly greater hepatic con-
tent of citrate after 6 hr of fasting (141 + 12 vs 74

+ 19 nmoles/umole DNA P in obese vs lean; P <.001).

Insofar as regulatory metabolites may delimit the
“fed” or the “fasted” state in liver, all the above

findings would also suggest that transition to the
“fasted” state in response to dietary deprivation oc-
curs more slowly in the livers of obese than lean ani-
mals.
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