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Several important metabolic functions of the mammalian liver have been shown to be located in 
zones with respect to the complex microcirculation of the organ. The zonal distribution of the cytosolic 
component of the acetyl-CoA synthetase activity has been investigated using the dual-digitonin-pulse- 
perfusion technique, which allows highly zone-selective sampling of cytosol from the periportal and 
perivenous zone of rat liver. Approximately 80% of the cytosolic enzymes are eluted from the 
hepatocytes in the periportal and perivenous sub-zones affected by digitonin, while less than 1% of 
the glutamate dehydrogenase activity (a marker enzyme of the mitochondria1 compartment) is eluted. 
A twofold higher activity of the cytosolic form of acetyl-CoA synthetase is found in the periportal 
zone compared to the perivenous zone in fed male rats. Following a fasting/refeeding transition, this 
activity gradient is abolished in a manner similar to that observed for the enzyme acetyl-CoA 
carboxylase. Since the latter enzyme is utilizing the product of acetyl-CoA synthetase, acetyl-CoA, 
the similarity in the observed regulation suggests a functional coupling between cytosolic acetate 
activation and fatty-acid synthesis. 

The enzyme acetyl-CoA synthetase (CoASAc synthetase) 
is expressed in the mammalian liver where it serves the funo 
tion of activating acetate which is either supplied to the liver 
or produced metabolically, e. g. during ethanol metabolism 
[l]. The CoASAc synthetase is present both in the cylosolic 
and the mitochondrial compartments, but as two different 
proteins [2-51. The total capacity of acetate uptake in the 
liver depends upon the acetate concentration. At 10 mM, it 
was reported to be 1 pmol . (g wet mass)-' . min-I [S ] .  

In recent years, it has been demonstrated that several 
metabolic pathways display functional zonation in the liver. 
Thus, the processes of gluconeogenesis and urea synthesis are 
primarily located in the periportal zone, while most of the 
cytochrome-P450-~atalyzed reactions are primarily located in 
the perivenous zone (for review, see [6 and 71). A few enzymes, 
glutamine synthetase and the ethanol-inducible cytochrome 
P450 IIEl are exclusively located around the central vein of 
the livcr lobule [8, 91. Similarly, the enzyme hydroxymethyl- 
glutaryl-CoA reductase appear to he exclusively located in the 
periportal zone [lo]. 

While microdissection studies have shown a preferential 
perivenous zonation of acetyl-CoA carboxylase (CoASAc car- 
boxylase) [l 11, a key enzyme regulating fatty-acid synthesis, 
investigations applying the dual digitonin-perfusion technique 
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Abbreviation. CoASAc, acetyl CoA. 
Enzynzes. Acetyl-CoA carboxylase (EC 6.4.1.2); acctyl-CoA 

syiithetasc (EC 6.2.1 . I  j ;  alanine aminotransferase (EC 2.6.1.2); citrate 
synthase (EC 4.1.3.7); glutamate dehydrogenase (EC 1.4.1.3); gluta- 
mine synthetase (EC 6.3.1.2); pyruvatc kinase (EC 2.7.1.40). 

has demonstrated that CoASAc carboxylase activity in the 
fed and fasted male rat is significantly higher in the periportal 
zone, caused almost entirely by a higher specific activity of 
the enzyme in that zone [12,13]. Since acetate is a substrate for 
lipogenesis, we were therefore interested in whether CoASAc 
synthetase showed any zonation. In addition, since the patho- 
logical changes of long-term ethanol abuse is primarily seen 
in the perivenous zone [14], it is of some interest to elucidate 
the zonation of the enzymes involved in ethanol metabolism. 
Data obtained by microdissection and microchemical analysis 
show that both alcohol dehydrogenase and aldehyde dehydro- 
genase are almost evenly distributed in the liver parenchyma 
of the male rat [I 5, 161, and since only a fraction (0-45%) of 
the acetate formed by the liver during ethanol oxidation is 
actually being metabolized in the liver [17], one might specu- 
late that a contributing factor could be a significant periportal 
zonation of CoASAc synthetase. 

In  the present investigation, we find 1.5 - 2-fold higher 
activity of cytosolic CoASAc synthetase in the periportal zone 
of the male rat liver compared with the perivenous zone in the 
fed state, but not in the fasted/refed state. These results have 
been presented in a preliminary form [18]. 

METHODS 
Male Wistar rats, 200 -220 g, were used. Three nutritional 

states were studied; well-fed, 48-h starved and re-fed animals 
(48-h starved and 48-h re-fed). Rats were fed ordinary rat 
chow except during re-feeding where high carbohydrate chow 
was given. 

Prior to digitonin-pulse perfusion 1191, the small, lower- 
right liver lobe was removed and homogenized in Krebs- 
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Hcnseleit buffer with 20 mM Hepes, pH 7.4 but without Ca2+ 
for measurements of enzyme activities. The eluates obtained 
after digitonin treatment were collected in fractions of 2 ml 
and rapidly cooled on ice, adding dithiothreitol to a final 
concentration of 4 mM. The activity of alanine 
aminotransferase, pyruvate kinase and glutamate dehydro- 
genase was measured by standard assays [20] and glutamine 
synthetase as described in [21]. The protein concentration in 
the eluates was measured according to [22]. CoASAc 
synthetase activity was measured by a modification of the 
method described in [23]. In brief, the following procedure 
was used, based on the two reactions 

['4C]acetate + CoA + ATP --f [ 14C]acetyl-CoA + PPi + AMP 

['4C]acctyl-CoA + oxaloacetate + ['4C]citrate + CoA. 
25 - 50 p1 of each eluate fraction was incubated for 15 min 

at 37°C in 50 mM KH2P04, 100 mM KCl, 8 mM MgClz, 
pH 7.3, with 10 mM sodium acetate, 500000 dpm/assay [2- 
''C]sodium acetate, 0.4 mM CoA, 8 mM ATP, 10mM 
oxaloacetate, 2 mM dithiothreitol and 3 U/assay citrate 
synthase in a total volume of 0.5 ml. The reactions were ter- 
minated by additions of 50 p12.5 M HCI. The unreacted acetic 
acid was removed by freeze-drying and the radioactivity of 
the non-volatile citrate was counted. 

The enzyme activities in the eluates are expressed as U/mg 
total eluted protein. Since it can be assumed that the protein 
concentration is equal in the periportal and the perivenous 
zone [24], zonation may be quantitated by comparing 
periportal and perivenous activities. Note that the activity in 
the biopsies are expressed/mg total protein, while in the eluate, 
activity is expressed/mg eluate protein (cytosolic protein), 
which is approximately 30% of the total protein [24]. 

RESULTS 
The dual-digitonin-perfusion technique samples cytosol 

from the periportal and the perivenous zone of the same liver 
at a very high zonal selectivity, as has been demonstrated 
rccently in histological studies [25, 261. Under the conditions 
applied, the periportal and the perivenous samples represent 
approximately 15% each of the total liver parenchyma [25]. 
The enzyme activities of some marker enzymes are given in 
Table 1, which demonstrates the highly significant 4- 10-fold 
periportal/perivenous activity gradient of alanine aminotrans- 
ferase, depending upon the nutritional state, as well as a more 
than 100-fold perivenous/periportal gradient of glutamine 
synthetase [9]. Pyruvate kinase shows no significant zonation 
1121. Since a biopsy has been removed from each liver prior 
to the digitonin-pulse-treatment, it is possible to compare the 
enzyme activities of the eluate with the activities measured in 
the biopsy representing the whole liver. For pyruvate kinase 
a 2 - 3-fold higher specific activity is found in the eluate com- 
pared with the homogenate of the biopsy. Since pyruvate 
kinase is essentially unzonated, this suggests that only the 
cytosolic space is being sampled, a conclusion which is con- 
firmed by the fact that less than 0.2% of the activity of the 
mitochondria1 enzyme glutamate dehydrogenase is observed 
in the eluates (see Table 1). 

The activity of the CoASAc synthetase in the periportal 
and perivenous eluates in the three nutritional states is shown 
in Fig. 1. In the fed state, the CoASAc synthetase activity is 
zonated approximately 1.7-fold compared to the periportal 
zone. Exposing the animals to a fasting/re-feeding transition 
essentially abolishes this zonation, because of a selective in- 

crease in the activity in the perivenous zone. In the 48-h fasted 
rat, the activity of CoASAc synthetase is less than half the 
value found in the fed state; however, the periportal/ 
perivenous zonation is still present. Due to the low amount 
of enzyme in the perivenous eluates from fasted rats, the 
activity could, however, not be accurately determined (activity 
< 4 mU/mg eluted protein; Fig. 1). We have attempted to 
evaluate the shape of the CoASAc synthetase activity gradient 
through the liver sinusoid by multiple digitonin-pulse-per- 
fusion as described in [27]. This method applies consecutive 
digitonin pulses whereby cytosol from different zones of the 
lobule is sampled. The result of these measurements (not 
shown) suggests a linear periportal/perivenous gradient, as 
was indeed found for CoASAc carboxylase [27]. 

DISCUSSION 
The present study of the zonation of CoASAc synthetase 

in the rat male liver was undertaken for the following reasons: 
a) Although subject to unresolved controversy [ll, 28, 

291, it has been shown recently that the rate-limiting enzyme 
for fatty-acid synthesis, CoASAc carboxylase, has a higher 
activity in the periportal zone in the fed, male rat liver. Interes- 
tingly, this activity gradient could be almost entirely accounted 
for by a difference in the specific activity of the CoASAc 
carboxylase protein isolated from the two zones. Further- 
more, the nutritional transition caused by fasting and re- 
feeding almost abolished the specific-activity gradient [I 31. 
This effect can probably be explained by a more pronounced 
increase in the activity of CoASAc carboxylase phosphatase 
in the perivenous zone [13]. Since acetate is a substrate for 
lipogenesis, it is interesting to note that the CoASAc 
synthetase activity gradient, as demonstrated in the present 
paper, responds to fasting/re-feeding as does CoASAc car- 
boxylase. In this context, it should be noted that with the 
dual-digitonin-perfusion technique as applied here, only the 
cytosolic component of CoASAc synthetase was studied, as 
indicated by the fact that < 0.2% of the mitochondrial marker 
enzyme glutamate dehydrogenase was found in the eluate 
(Table 1). Thus, the data of Fig. 1 refer to cytosolic CoASAc 
synthetase only, which comprises about 80% of the total 
CoASAc synthetase activity in the fed state and about 60% 
in the fasted state [4,5]. It has been reported that the mitochon- 
drial CoASAc synthetdse activity does not respond to changes 
of nutritional state [4, 51. 

b) The other reason for the present study of CoASAc 
synthetase zonation is related to the fact that only a minor 
fraction of the acetate formed by the liver during ethanol 
oxidation is being taken up by the liver itself [17]. Since both 
alcohol dehydrogenase and aldehyde dehydrogenase display 
little or no zonation in the male rat liver [15, 161, one expla- 
nation for the low acetate uptake might be a significant zo- 
nation of CoASAc synthetase in the liver lobule; hence a 
complete periportal location of CoASAc synthetase would 
prevent most of the acetate formed by ethanol oxidation from 
being taken up by the liver. However, the moderate zonation 
of CoASAc synthetase observed in the present study and the 
fact that the zonation of this enzyme activity was abolished 
in the fasted/refed state, speaks against such a hypothesis as 
far as the cytosolic CoASAc synthetase is concerned. Further- 
more, recent results (Knudsen, Quistorff and Grunnet, unpub- 
lished data) suggest that the inhibition of acetate uptake by 
ethanol in the liver is due to inhibition of the tricarboxylic 
acid cycle, while ketone-body formation is unchanged, the 
effect being a higher apparent K ,  value for acetate uptake. 
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Table 1. Activity of marker enzymes of rat liver and effects of the nutritional state. Samples of the cytosolic compartment of periportal and 
pcrivenous cells of male rat liver were obtained by the digitonin-pulse-perfusion techniquc [12, 241. Animals were either fed, fasted (48 h) or 
fastedjre-fed (48 h/48 h) prior to the experiment. Mean k SD with n = 4 in all three groups. Note that the biopsy data before and after 
digitonin perfusion are expressed/mg total protein, while the activity measured in the eluates are expressed/mg total eluted protein (cytosolic 
protein). ALAT, alanine aminotransferase; GIDH, glutamate dehydrogenase; GS, glutamine synthase; PK, pyruvate kinase. 

Nutritional state Marker eniyme Biopsy sample Cytosolic eluate sample ____ _____- 
before digitonin after digitonin periportal sample perivenous sample 
perfusion perfusion 

nmol. min-' (mg total protein)-' nmol . min ~ ' . (mg eluted protein) ~ ' 

Fed PK 498 f 99 484 f 64 979 f 1 3 8  1011 62 
ALAT 101 k 16 79 f 6 426 f 126 44.5l 26.0 
GS 31.2+ 3.5 5.9f 1.3 4.2 f 5.8 646' 5 90 
GlDH 1021 * I 1 8  1093 f 1 1 7  2.7f 1.5 2.2 f 0.5 

Fasted PK 200 f 34 201 k 72 495 f 79 518 92 
ALAT 170 k 17 162 f 33 596 k 170 116' k 69 

GlDH 1561 f 71 1899 366 2.9 f 2.4 2.3 f 0.3 
722 f 86 588 f 9 1516 +232 1444 f 130 

ALAT 131 f 27 113 f 2 6 4  338 & 42 94' +_ 17 
GS 15.3 f 2.8 2.9 f 0.8 2.6f 1.1 279' & 46 
GlDH 973 f 97 1149 f 65 6.5 f 2.8 4.0 k 0.9 

GS 21.3 k 3.6 3 . 7 i  1.4 5.4+ 5.1 443' * 54 

Fastedlrc-fed PK 

Perivenous activities which are significantly different from periportal activities as evaluated by the paired-data t-test, p < 0.01. 

Fig. 1. Zonation of acetyl-CoA synthetase and the effect of the nu- 
tritional state. Samples of cytosol from periportal and perivenous 
cells were obtained from male rat liver by the digitonin-perfusion 
tcchniquc. Animals were either fed, fasted (48 h) or fasted/re-fed 
(48 h/48 h). Hatched bars represent periportal and open bars 
perivenous samples, respectively. Enzyme activity is expressed as mU/ 
mg total eluted protein. Mean f SD with n = 13, 3 and 9 in the fed, 
fasted and fastedke-fed groups, respectively. *, p < 0.05 as evaluated 
by paired-data t-test. 

All in all, the present paper suggests that the cytosolic 
CoASAc synthetase activity may be functionally coupled to 
fatty-acid synthesis, although its quantitative role may be 
small compared with the mitochondria1 CoASAc synthetase 
~301. 

This research was supported by a grant from thc Danish Research 
Council (5.5.14.5.1) and by Fonden ti1 Lzgevidenskabens Fremme. 

REFERENCES 
1. Forsander, 0. A. & Raiha, N .  C.  R. (1960) J .  Bdol. Chem. 235, 

2. Aas, M. & Bremer, J. (1Y68) Biochim. Biophys. Actu 164, 157- 
34-36. 

166. 

3. Barth, C., Sladek, M. &Decker, K. (1971) Biochim. Biuphys. Actn 

4. Barth, C., Sladek, M. & Deckcr, K. (1972) Biochim. Biophys. Acta 

5. Scholte, H. R. & Groot, P. H .  E. (1975) Biochim. Biophys. Acta 

6. Jungermann, K. & Katz, N. (1989) PhysioL. Rev. 69, 708-764. 
7. Quistorff, B. (1990) Essays in Biochemistry 25, 83- 136. 
8. Gebhardt, R .  & Mecke, D. (1983) EMBO J .  2,567-570. 
9. Ingelmann-Sundberg, M., Johansson, I., Penttila, K. E., 

Glaumann, H. & Lindros, K. 0. (1988) Biochem. Biophys. Res. 
Commun. 157, 55 - 60. 

10. Singer, I. I., Kawka, D. W., Kazazis, D. M., Alberts, A. W. & 
Chen, J. S. (1984) Proc. Nut1 Acad. Sci. USA 81, 5556- 5560. 

11. Katz, N. (1986) in Regulation of hepatic metabolism: intracrllular 
and intercellular compartmentation (Thurman, R. G., Kauf- 
mann, F. C .  & Jungermann, K., eds) pp. 237-252, Plenum 
Prcss, New York. 

12. Evans, J., Quistorff, B. & Witters, L. (1989) Biochem. J .  259, 

13. Evans, J., Quistorff, B. & Witters, L. (1990) Biochem. J .  270, 

14. Liebcr, C .  S.: DeCarli, L. M. & Rubin, E. (1975) Proc. Nut1 Acad. 

15. Maly, I. P. & Sasse, D. (1985) Histochemistry 83,431 -436. 
16. Maly, 1. P. & Sasse, D. (1988) Histochemistry 88, 387-393. 
17. Lundquist, F., Tygstrup, N., Winkler, K., Mellemgaard, K. & 

Munck-Petersen, S. (1962) J.  Clin. Invest. 41, 955-961. 
18. Knudscn, C., Grunnet, N. & Quistorff, B. (1990) Pharmacol. & 

Toxicol. 67, supplement 1,26. 
19. Quistorff, B. & Grunnet, N. (1987) Biochem. J .  243, 87-95. 
20. Bergmeyer, H. U. (1978) Methoden drr enzymatischen Anulysr, 

2nd edn, pp. 471-472, 607-612 and 785-791, Verlag Che- 
mie, Weinheim. 

21. Schousboe, A. (1982) Scand. J .  Immunol. 15, Supplement 9,339- 
356. 

22. Lowry, 0. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J .  
(1951) J .  Biol. Chem. 193,265-275. 

23. Hcpp, D., Priisse, E., Weiss, H. & Wieland, 0. (1966) Biochem. 

24. Quistorff, B. (1987) Biochem. Soc. Trans. 15, 361 -363. 

248,24 - 33. 

260, 1-9. 

409,283 - 296. 

821 - 829. 

665 - 672. 

Sci. U S A  72,437 -441. 

Z.344,87- 102. 



3 62 

25. Quistorff, B. & Rarmert, P. (1989) Histochemistry 92,487-498. 28. Katz, N. R., Fisher, W. & Griffhorn, S .  (1983) Eur. J .  Biochem. 

29. Quistorff, B., Katz, N. & Witters, L. A. (1992) Enzyme. in the 

30. Baranyai, J. M. & Blum, J. J. (1989) Bio&m. J .  2-58, 121 - 140. 

26. Rsmert, P., Matthiessen. M. E. & Quistorff, B. (1990) Cell Tissue 135, 102-107. 
Res. 261,423-430. 

27. Quistorff, B., Rsmert, P., Evans, J. & Witters, L. A. (1991) in 
Regulation of hepatic function. Mutabolicandstructuralinterac- 
tions (Grunnet, N. & Quistorff, B.) pp. 50-67, Munksgaard, 
Copenhagen. 

press. 


