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ABSTRACT 

The metabolic fate of [u- 14c]glucose has been examined in detail in adult 

rat hepatocytes in primary monolayer culture, as well,as in two permanent 

cell lines--BRL arid HTC. cells--derived from normal rat liver and from rat 

hepatoma, respectively. The findings indicate pronounced differences in 

the pattern of glucose metabolism among the three types of cultured 1 i ver 

cells. Primary cultures, like the intact liver, differ from the cell lines 

in consuming relatively small amounts of glucose and converting approximately 

50% of the total metabolized glucose to lactate. By contrast, the permanent 

cell lines consume glucos~ at a 40-fold greater rate than do primary cul

tures, converting 80-90% of the carbohydrate to lactate. Oxidative metabo-

lism of glucose carbon also differs among the three types of li~er culture. 

Of the total [u-14c]glucose consumed, primary cultures convert approximately 

30% to labeled C02 per hour, whereas the liver cell lines convert 5-10%. 

In addition, quantitation of 14c in intermediates of the tricarboxylic acid . 

. cycle reveals a strikingly higher ratio ~f 14c-citrate to 14c-malate in 

.BRL or HTC cells than in primary culture, suggesting a partial block to the 

flow of glucose carbon through this cycle in the liver cell lines. BRL and 

HTC cells differ from one another, in that HTC cells produce substantial 

amounts of labeled fructose from [u-l4c]glucose, a process that appears to 

represent a previously unreported type of futile cycle. Finally, glucose 

metabolism in primary culture exhibits adaptation as hepatocytes age in cul

ture, shifting progressively towards the pattern exhibited by the permanent 

cell lines. This change occurs over a time-course similar to that for other 

kinds of functional change in hepatocytes in primary culture and thus may be 

relevant to the general problem of phenotypic alteration in liver cell culture. 
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INTRODUCTION 

An important aspect of liver cell culture is the continuing search for cells 

of hepatic origin which in culture exhibit liver-specific functions and 

function at a level that is quantitatively as well as qualitatively similar 

,-to the liver in vivo. Closely related to this search is the problem of al-

tered phenotype in culture-adapted cells, a problem present in most, if not 

all, cultures derived from liver (3). To date, studies of specific function 

in culture have been concerned mainly with single synthetic functions, such 

as formation of serum protein. Intermediary processes, such as glucose 

metabolism, have ·received ·relatively little attention, despite the fact that" 

such processes may be "liver-specific" to a ~arge degree and, moreover, may 

underlie the expression or non-expression of other characteristii fea~ures 

of hepatic parenchymal cells. 

Glucose metabolism in the liver differs in many respects from that in 

other tissues. Whereas many cell types in the body appear to require glucose 

as a carbon source, the liver consumes this carbohydrate only sparingly and 

appears to function mainly as a glucose-forming (gluconeogenic) or -storing 

(glycogen-forming) organ (34, 29), its energy production depending mainly 

on lipid oxidation (34). This pattern of glucose utilization by the intact 

liver contrasts sharply also with that exhibited by celrs maintained in 

culture, virtually all of which consume relatively large amounts of glucose. 

In displaying· a "glycolytic" metabolism, cultured cells depend directly on 

glucose (or other carbohydrate) for energy needs and as a carbon source 

for biosynthetic intermediates. Furthermore, cells of diverse origin appear 

to be similarly glucose-dependent, once established in tissue culture (26). 
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This finding has led to the speculation that survival in culture may require 

that cells be glycolytic (26). 

This postulate ,predicts that cultured hepatocytes, 1 ike other types 

of cells in culture, will exhibit active glycolys1s (19). If so, these cells 

will have undergone a major alteration in metabolic strategy in the process 

of adapting to culture, a change that conceivably could be ~esponsible in 

part for the phenotypic alterations that occur in cultured hepatocytes (3). 

For studies of the question, the appropriate reference point is hepatic 

parenchymal cells at the stage of primary culture. By examining cells at 

this stage, it may be determined to what extent .cultured hepatocytes remain 
;. 

rretabolically similar to the live_r iD_ vivo, and, if they become glycolytic, 

the time-frame of this change and the mechanism by which i.t occurs. 

Our recent studies have been concerned with_development and~characteri

zation of a system of primary culture for parenchymal cells from adult rat 

liver. It has. been shown that hepatocytes in this system retain many character

istics of the intact liver (4, 5). With regard to glucose metabolism, gluconeo-

genesis from lactate or pyruvate is present, as is glycogen formation, and 

these processes respond appropriately to hormona 1 stimulation ( 4). In this 

paper, we extend these studies, examining in detail the metabolic fate of 

[u-14c]glucose in hepatocytes maintained in primary culture for peri'ods up 

to 3 days. For purposes of comparison and contrast, two permanent cell 

lines derived from liver have been studied in parallel with primary culture. 
I 

One of these was derived from normal Buffalo rat liver (BRL cells) (11) and 

the other from a transplantable rat hepatoma (HTC) cells (31). Both lines 

have been maintained for several years in continuous culture and presumably 

are fully adapted to tissue culture. The assumption that these cells rep-
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.resent hepatic parenchymal cellS is based on their retention of one or more 

live~-specific functions, although neither cell line exhibits the broad 

range of functions demonstrated by primary culture (3). BRL cells secrete 

albumin and other circulating proteins {11), and HTC cells exhibit microso

mal glucose-6-phosphatase activity (12) as well as steroid-inducible tyro-
! 

sine aminotransferase activity {31). 

The present findings demonstrate that primary cultures, like the in

tact liver, consume relatively little glucose and produce only small amounts 

of lactate. In contrast, the BRL and HTC cells are markedly glycolytic. 

However, in the course of 3 days of incubation, the cells in primary culture 
~· ' 

show a small but progressive increase in lactate production, which, together 

with other changes, suggests that a metabolic shift is occurring, in these 

cells, towards the pattern of the permanent liver cell lines. 

MATERIALS AND METHODS 

Tissue ctJlture media were prepared in our laboratory and sterilized by 

membrane filtration (Millipore, 0.22 ~m pore size). Component chemicals 

were from Sigma Chemical Co., St. Louis, Mo., Calbiochem, San Diego, Ca., 

or J.T. Baker Chemical Co., Phillipsbu~g, N.J. Radioactive [u-14c]glucose 

(305 Ci/mole) was purchased from Amersham/Searle, Arlington Heights, Ill., 

and was greater than ~9% pure by chromatographic analysis (see below). The 

labeled compound was supplied in ethanol :water (9:1), which was reduced to 

dryness under nitrogen prior to use. Fetal calf serum was obtained from 

Flow Laboratories, Rockville, Md. 

Liver Cell Culture: Parenchymal cells from adult rat liver were es-

tablished in primary monolayer culture with slight modifications of the 
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previously described procedures {4). Prior to use, culture dishes were 

coated with rat-tail collagen, prepared by the method of Wood and Keech 

(33), centrifuged at 20,000 x g for 30 min and then sterilized by Millipore 

filtration (0.45 ~~ pore siie). The sterile preparation was aliquoted and 

stored frozen. For coating a 60 mm dish, approximately 20 ~g of collagen 

solution was spread on the surface of the plate with a glass rod. The plates 

were allowed to dry and then were washed twice with Hanks balanced salt solu

tion. For hepatocytes in primary culture, the principal benefit of collagen 

coating appeared to be an increased efficiency of attachment and prevention 

of the previously noted (4) co~traction and detachment of the monolayer 

which otherwise may occur after 4-5 days of culture. By a survey of several 

.liver-specific functions (5), metabolic effects of collagen in c~ntact with 

the hepat6cytes were undetectable. Also, the amount of collagen, relative 

to total cellular protein, was small (0.02 mg vs. ·ca. 4 mg), so that 

measurement of protein .was unaffected by its inclusion in the culture system. 

The culture medium comprised Hanks balanced salt solution, Eagle's 

MEM vitamins, the amino acid complement of Medium 199 (23), 5.5 mM glucose 

and penicillin G (100 U/ml). This formulation, termed 199EV, was arrived 

at empirically as one that was relatively simple, fostered attachment and 

survival of a high percentage of freshly isolated hepatoc~tes added to 

culture dishes and, with added serum, also supported growth of the permanent 

liver cell lines (BRL or HTC) used in this study. For maintenance of pri

mary cultures, the medium contained no serum unless otherwise indicated. 

Permanent cell lines derived from rat liver (BRL cells) or from.hepatoma 

(HTC cells) were obtained as needed from stocks maintained by the Cell Cul

ture Facility (University of California, San Francisco) and grown in 199EV 
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with 10% added fetal calf serum. The cells were plated.on collagen-coated 

dishes, so that cell lines and primary cultures did not differ in this res-· 

pect. There was no clear-cut effect of collagen on the attachment or growth 

of the cell lines .. All cultures received fresh gro~th medium daily and 

were studied at, or near, confluency. 

Incubation with [u-1 4c]glucose: Prior to the addition of labeled glu

cose to hepatocyte cultures, a series of medium changes were carried out 

(6), to ensure that the cells were metabolizing glucose under steady-state 

conditions, at the concentration of glucose {5.5 mM) in fresh culture medium. 

Addition of [u-14c]glucose. (final specific activity= 47 Ci/mole) was accom

plished ih serum-free medium, as described previously (6). At intervals 

varying from 5-60 min after addition of labeled glucose, the culture m,edium 

from-individual plates was removed and frozen for later analysis, and th~ 

cellular material on the plate was washed rapidly, as described previously 

(6), except that the cells were killed with acetic acid (80%, v/v in water) 

rather than methanol. This modification was introduced because of the find

ing that UDP-glucuronic acid undergoes partial hydrolysis in the presence 

of methanol. The time elapsed from the first wash to addition of acetic 

7 

acid was approximately 7 s. ' 

Chromatographic Analysis of Glucose Metabolites: The cell material 

in 80% acetic acid was transferred with the aid of a Teflon scraper to a poly

propylene• tube, and acetic acid was removed under a stream of nitrogen. 

The final extract was made up accurately to 0.4 ml with water and sonicated 

briefly to disperse any aggregated protein. An aliquot of this suspension 

was reserved for measurement of total protein; a se·cond aliquot was taken 



for measurement of total radioactivity by 1 iqui d scinti 11 at ion spectrometry; 

and 0.2 ml was applied to Whatman #1 paper for 2-dimensional chromatographic 

analysis of labeled compounds in the extract. An aliquot of the incubation 

medium was qpplied·directly to'a second paper for analysis of glucose meta

bolites excreted by the cells. The techniques of chromatography used in 

these studies have been described in detail elsewhere (1, 6). Briefly, 

with descending solvent systems, the papers were run first for 24 h in 

phenol:water:acetic acid (84:16:1), dried, then rotated -90° and run for a 

second 24 h period in butanol :water:propionic acid (50:28:22). After dry-

ing, the papers were placed on x-ray film, for localization of labeled 

compounds by autoradiography. Th~ labeled areas were marked, cut from the 

·paper, mounted between Mylar strips and quantitated with an automated Geiger

Muller apparatus with an efficiency of approximately iO% (24). 

Positive identification of labeled spots was accomplished by any one 

of several approaches, as directed by the nature of the problem. In most 

instances, labeled spots were eluted and re-chr?matographed with pure stand

ards visualized by the appropriate chromogenic spray (ninhydrin, silver 

nitrate or a molybdenum spray for phosphates (17)). When the labeled spot 
I 

and the standard compound were superimposable with respect to both position 

on the chromatogram and detailed shape of the spot, they were considered 

identical. When phosphorylated compounds separated poorly on the paper, 

the combined spot was cut out, eluted· in water and incubated with phos-

phatase partially purified from Polidase S (6, 10). Incubation was carried 

out for 2 h in 0.01 M acetate buffer (pH 5}, 0.001 M MgC1 2 and approximatel} 

0.1 mg of the partially purified phosphatase, in a total volume of 0.4 ml. 

The free sugars generated in this procedure were separated by repeat chroma

tography, as described above. 
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The reverse of this procedure, that is, conversion of free sugars to 

the corresponding monophosphates,also was used. The identity of labeled 

fructose was confirmed by incubation of the radioactive compound in a phos

phorylating mixture containing 12 mM triethanolamine buffer (pH 7.6), 4 mr~ 

MgC1 2, 1.4 mf4 ATP, 1.3 mM fructose, and 0.1 mg hexokinase (Sigma, type VI, 

ca. 100 U/mg), in a total volume of 0.5 ml. With incubation of the reaction 

mixture at 37°C for 1 h, free hexose was converted quantitatively to hexose 

ITJOnophosphate. Unlabeled fructose was included in the mixture as in inter

nal standard, serving to verify the identity of the phosphorylated product. 

Miscellaneo~s Procedv~es: The generation of 14co2 from [u-14c]glucose 

by cultured cells was measured by placing the culture plates, containing 

labeled glucose, into chambers described by Neff, et al. (-25), equipped
1 

with a rubber diaphragm and a center well (Kontes, Vinela~d, N.J~). At 

the end of the incubation period, 0.2 ml hydroxide of Hyamine (Packard Instru

ment Co., Downers Grove, Ill.) was injected .into the center well and 0. 2 ml 

of 1 N HCl into the culture medium, and the vessel was agitated occasionally 

at room temperature for 60 min. The contents of the center well then were 

mixed with 10 ml Liquifluor and counted by scintillation spectrometry. Re-

covery of labeled co2 was quantitative under these conditions, as determined 

by the recovery of known amounts of H14co3-· incubated under similar condi

tions. 

Total labeled lipid was extracted from culture material by the method 

of Folch,et al. (14). Saponifiable li.pids were extracted into light petro

leum ether after tr~atment of cell samples with 3 N NaOH and 33% methanol 

at 100°C for 3 h. All organic extracts were washed with water until the 

radioactivity in the aqueous phase was negligible. Other measurements were 
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carried out as follows: DNA {20), protein {21), ATP {4), and glucose 

(4). 

Expression of Results: For purposes of comparing one' type of .liver 

culture to another, the data of this study have been related to total cellu

lar protein. Although this reference base may not be entirely appropriate-

because of differences in the amount and subcellular distribution of protein 

from one cell type to another--it was selected because it is commonly em

ployed and because no more logical base was apparent. Cell number may be 

unsuitable as a reference point, in view of the grossly larger si~e (by 

microscopic inspection) of· primary hepatocytes, relative to BRL or HTC cells. 

Nonnalizing data for cellular DNA. similarly ·is problematic, since binucleate 

cells are corrmon in primary culture, as in the intact liver (2)~ ·and chromo

somal heteroploidy may be.present in HTC or BRL cells (28). The ratio of 

~g DNA:mg protein for primary culture, BRL,and HTC cells was 30, 40, and 

49, respectively. 
14 

Duplicate measurements of C-labeled compounds from a given study 

varied less than 10%. However, measurements from individual cell prepara-

tions exhibited considerable variation, as indicated by the sizable error 

bars of some experiments (see Results). · In primary cul t~re, animal-to-: 

animal differences may account for some of the variation. However, the data 

from the permanent cell lines also varied over a substantial range, and the 

basis for thts finding is obscure. Qualitatively, the findings from all three 

types of culture were highly reproducible from experiment to experiment, so 

that the average curves given (cf. Fig. 4) are a fair representation of the 

data for individual preparations. 

10 
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RESULTS 

Utilization of [u-1 4c]glucose by Cultured Liver Cells: After incuba

tion of primary, BRL, or HTC cultures with labeled glucose, chromatographic 

separation of labeled metabolites was carried out as described in Materials 

and Methods. Repr~sentative results are shown in Fig. 1. These autoradio

grams suggest that the three cell types differ not only with regard to the 

spectrum of metabolites obtained but also with respect to the total amount 

of glucose utilized per gram cellular protein. As shown by preliminary 

studies, glucose utilization by hepatocytes in primary culture w~s low, so 

that its quantitation in terms of the disappearance of labeled glucose from 

the incubation medium involved gross inaccuracies. In particular, as may 

be inferred from Fig. 1, the·cell-associated "pool 11 of free glucose in all 

three cell types is very large, relative to the amount of label in discrete 

glucose metabolites and, therefore, constitutes a major portion of glucose . 

removed from the medium in these studies. Because of these difficulties, 

glucose utilization has been quantitated as the sum of labeled. metabolites 

isolated chromatographically, both in the cells and in the incubation medium, 

and the amount of 14c02 evolved. To validate this approach, we studied the 

recovery of radioactivity applied to the chromatograms .. As shown in Table 

I, recovery of label is nearly quantitative. The few percent of label not 

·accounted for probably represent, in large part, 14c-pyruvate or 14c-a-

• ketoglutarate, both of which are unstable under these conditions of analysis 

. (22). Total 14c in lipids could be quantitated and comprised 10-15% of the 

total cellular glucose metabolites in each type of culture, virtually all 

of which was associated with the glycerol moiety, as judged by a comparison 

of total and saponified lipids {data not shown). At the end of the incubation 
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period, the medium contained substantial amounts ·of l4c-lactate, particular-

ly from the BRL or HTC cells (see below), but no other detectable labeled 

glucose metabolites. 

The flow of label from [U-14c]glucose into co2 was quantitated in paral

lel (in sister plates) to the studies of intracellular glucose metabolites, 

described above, and these data are shown in Fig. 2. Although the absolute 

rate of production of labeled co2 was greater in HTC or BRL cells than in 

primary culture (Fig. 2A), formation of this product accounts for a far 

greater proportion of ·glucose metabolites in primary culture than in the 

permanent liver cell lines (Fig. 28). 

When glucose utilization was estimated as the sum of 14c in glucose 

metabolites (including labeled lactate in the medium) and 14co2, the data 

shown-in Fig. 3 were obtained. Utilization for each cell type increased 

linearly with time. However, the rate in primary culture was only 2-4% 

that.exhibited by the established liver cell lines. 

Formation of Glycolytic Intermediates by Cultured Liver Cells: In 

contrast to the small amount of glucose utilized by primary culture (Fig. 3), 
\ . 

substantial amounts of labeled carbon accumulated in some of the proximal 

intermediates of the glycolytic pathway in this type of_cell (Fig. 4). With 

all three types of culture, as has been shown previously (6), labeled carbon 

accumulated rapidly and reached a plateau after 15-30 min of incubation 

witn [u-14c]glucose. At the plateau, the quantity of label in glycolytic 

intermediates probably reflects the relative pool size for each compound 

(6). However, actual specific activities have not been determined in these 

cells, so that the rates and pool sizes suggested· by the data are apparent 
\ 

values only. 
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·Quantitatively, the most important glycolytic intermediate in BRL or 

HTC cells was lactic acid. From the data of Fig. 5, it may be seen that 

80-90%.of labeled glucos~ consumed by either cell line was recovered in 

lactate. By contrast, in primary cultures, only 50% of labeled glucose 

carbon appeared in lactate, and the total amount produced was low. The 

data also indicate that, whereas lactate production was nearly linear with 

time in BRL or HTC cells, the rate for primary cells showed a break at about 

15 min, being lower beyond this point. These findings in primary culture 
. . . 

closely resemble data obtained previously from studies with the isolated 

perfused liver (34) or hep~tocyte suspensions (18). 

Formation 'and Maintenance of ATP in Cultured Liver. Cells: In all 

three types of cultured liver cells, labeled carbon accumulated l'inearly 

in ATP over 60 min of incubation with [u-14c]glucose (data not shown). The 

results of Table II indicate that, over this time period, HTC and BRL cells 

incorporated,respectively, at least 10- and 5-fold more 14c into ATP than 

did hepatocytes in primary culture. However, this difference was not re

flected in the steady-state cellular concentration of ATP in the respective 

cell types (Table II). Although the concentration of nucleotide is about 2-

fold greater in HTC or BRL cells than in primary culture·, when expressed per 

gram cell protein, this difference is substantially reduced or eliminated 

if the data are calculated per ~g DNA (see Materials and Methods). 

Thes~ results suggest that ATP formation in the liver cell lines 

(HTC or BRL) is glucose-dependent. Glucose not only generates the nucleo

tide (by way of glycolysis) but also provides a substantial fraction of 

its constituent carbons, presumably by way of the pentose phosphate shunt 

pathway and ribose formation. As a direct test of the glucose dependence 

13 



. 14 

\ 

of BRL or HTC cells, the three types of cultured cells were incubated in 

serum-free 199EV, with or without the usual concentration of glucose 

(5.5 mM), and ATP was measured at intervals over a period of 24 h. As is 

shown in Fig. 6, th·e concentration of ATP in the cell lines fell sharply 

over the first 5 h of incubation in glucose-free medium, reaching 40-50% 

of initial concentrations after 24 h. By contrast, the level of ATP in 

primary culture was unaffected by omission of glucose from the culture 

medium. 

Flow of Glucose Carbon through Oxidative Pathways in Cultured Liver 
J ;. ' 

Cells: The rate at which label from glucose appeared in co2, for individual 

types of liver cell culture, was presented above (Fig. 2). These data in

dicated that hepa tocytes in primary culture convert a greater pro'porti"on 

of glucose, as a fraction of the total utilized, to carbon dioxide than do 

BRL or HTC cells .. While formation of 14co2 is a parameter of overall O?<ida

tive metabolism, it is of inter.est also to examine the rate at which labeled 

carbon from glucose accumulates in specific compounds of the tricarboxylic 

acid cycle. These data for· citrate and for malate are shown in Table III. 

While the absolute. amounts of 14c in these compounds do not differ dramati

cally from one cell type to another, the ratio of citrate to malate is 

markedly greater for BRL or HTC cells than for primary cultures. These data 

suggest that citrate accumulates in BRL or HTC cells, possibly due t~ a 

partial block in the cycle at a point between citrate and malate. The 

number of possible sites of such a block can be narrowed by considering the 

pattern of labeling of two amino acids derived directly from the cycle: gluta

mate (formed by transamination of a-ketoglutaric acid) and asparate (formed 

by transamination of oxaloacetate). I , ' As is shown in Table IV, whereas approxi- ~: 
! I 



mately equivalent amounts of labeled carbon are found in glutamate and as

parate in primary culture, the relative amount of label in glutamate far ex-

ceeds. that in aspartate in BRL or HTC cells. Thus, the flow of glucose 

carbon through oxidative pathways in the latter cell types appears to be 

restricted at a point in the tricarboxylic acid cycle between a-ketoglutarate 

and malate. 

Convers~on of [u- 14c]glucose to 14c-fructose in HTC Cells: Visual 

inspection of autoradiograms from the three types of liver cell culture 

(Fig. 1) reveals in the HTC preparation a unique and highly' labeled spot 

(denoted 11 ?? 11
}, which run·s faster than glucose in the phenol-water direction. 

Although it cannot be excluded that primary or BRL cells generate smal"l 

amounts of this material, a discre~e spot ·was seen only in extra~ts Of HTC 

cells. Our studies to date (to be reported in detail elsewhere1) indicate 

that approximately 50% of the labeled material in this spot is fructose. 

The labeled spot was eluted from the paper, and the radioactivity was in

cubated with hexokinase and ATP, under conditions that quantitatively con

vert free hexose to hexose monophosphate (see Materials and Methods). Re

chromatography of the incubation mixture revealed that approximately 50% 

of the label in the original spot now migrated as hexose monophosphate, the 

other 50% showing no change in its chromatographic position. These results 

indicated that the initial radioactive area contained two (or more) labeled 

compounds,, one of which was a free sugar. Furthermore, the. shape and posi-

tion of the unknown spot before and after hexokinase treatment suggested 

that the free hexose comprised the more rapidly migrating portion of the 

labeled area. Indeed, when the leading half of the spot was cut, eluted, 

1 
G. A. Levine, D. M. Bissell, and M. J. Bissell, in preparation. 
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and re-chromatographed with a fructose standard, co-migration indicating 

identity was observed (see Materials and Methods}. On this basis, the 

labele~ material could be distinguished clearly from glucose, galactose, or 

ribose. Also, on cellulose thin-layer chromatography, it exhibited an Rf 

identical to that of fructose in a solvent system consisting of isopropanol: 

n-butanol :watet (70:10:20) and, on that basis, could be distinguished from 

mannose (30): Finally, kinetic studies revealed that this labeled material, 

after a short lag period, accumulated in HTC cells at a rate comparable to 

the accumulation of 14c in hexose monophosphate, increasing ~t a linear 

rate throughout a 60 min incubation period (Fig. 7). Thus, conversion of 
;. 

glucose to free fructose appears to be a significant process in HTC cells. 

Age-dependent Changes in the Glucose Metabolism of Primary Cultures: 

The striking dif~erences in glucose metabolism exhibited by BRL or HTC cells, 

relative to primary cultures, may arise de novo (e.g., as a mutational event) 

or may reflect, in part, a metabolic adaptation that occurred at the time 

the original inoculum was established in culture. To examine the latter 

possibility, primary cultures of varying age (at 4-72 h after plating) were 

incubated with [u- 14c]glucose. While the movement of 14c into some of the 

glycolytic intermediates was unaffected by the age of the cells in culture, 

both the rate of lactate production and the ratio of labeled citrate to mal-

ate changed progressively. As shown in Fig. 8, the relati.ve production rate 

of 14c~lqctate increased during the first 3 days that hepatocytes were in 

primary culture, albeit even the highest rate recorded was low with respect 

to that exhibited by BRL or HTC cells. Addition of 5% fetal calf serum to 

the incubation medium during this period appeared to promote a shift to 

higher rates /of lactate production (Fig. 8). Similarly, the ratio of labeled 
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·citrate to malate changed slightly but progressively in the direction of the 

ratio exhibited by the cell lines, and addition of serum accentuated this al-

terati'on in 72-h cultures (Fig. 9). 

DISCUSSION 

These findings demonstrate gross differences in the pattern of glucose meta-

17 

bolism between adult rat hepatocytes in primary monolayer culture and per- , 

manent cell lines derived from liver. In general, cells incubated for 24 h 

in primary culture exhibit the pattern associated with the liver in vivo: 

low rates of glucose utilization, with a relatively low proportion of utilized 

glucose being converted to lactate. These characteristics are consistent 

with the fact that hepatocytes in primary culture retain the glucose~ and 

glycogen-forming functions of the intact liver (29, 34). The permanent cell 

lines (HTC, BRL) exhibit a strikingly different pattern of glucose metabo-
. is 

lism--one that, in general ,/similar to fibroblasts. in primary culture (6) 

and to established cell lines of diverse origin (13, 19, 26). The cells 

utilize glucose rapidly: with 5.5 ~moles glucose in the culture medium, 

the carbohydrate is metabolized at a rate of 0.4-0.6 ~moles/h (calculated 

from the data of Fig. 3). Furthermore, with respect to ATP' levels, the 

cells exhibit glucose-dependence (Fig. 6), although presumably a variety of 

carbon sources could substitute for glucose (8, 26). The data suggest that, 

in the absence of glucose, ATP in BRL or HTC cells decreases maximally to 

about 40% of control levels. This finding is consistent with observations 

in Chinese hamster fibroblasts, in which 60% of the cellular energy require

ment is derived from glycolysis (13). 



' The studies of hepatocytes in primary culture are pertinent to the 

sometimes-debated question of whether or not hepatocytes metabolize glucose 
) 

at all, at physiologic concentrations of the carbohydrate. Findings in iso-

lated hepatocyte ·suspensions, with short-~erm incubation, have suggested 

that net glucose utilization occurs only at, or above, an ambient glucose 

concentration of 15 mM (18). Similar studies have been performed with the 

isolated perfused liver, with conflicting results (29, 34). In the present 

. work, although glycolysis is very low, relative to that demonstrated by 
I 

the permanent cell lines, conversion of labeled glucose to laCtate occurs 

at measurable rates. Furthermore, these findi~gs are not likely to be due 
;· 

to an exchange of labeled glucose, from th~ medium, for ~nlabeled glucose 

generated within the cell f~om glycogen, or from glticoneogeriesi~ (18). 

Gluconeogenesis from lactate (conversion of labeled lactate to free glucose) 

in this culture system is unaffected by the presence or absence of glucose 

in the medium, and gluconeogenesis from amino acids is n~gligible. 2 Further-

more, the amount of glycogen in the cells increases, rather than decreases, 

with addition of glucose to the culture medium (4). Finally, preliminary 

studies demonstrate a slow but significant decrease in the concentration of 

glucose in the medium, when measured over a period of 24 h. Thus, the 

appearance of 14c in glucose metabolites in these studies appears to rep

resent net gl ucose uti 1 .i zat ion. 

Although the salient feature of these results is the contrast between 

hepatocytes in primary culture and the permanent cell lines, BRL and HTC 

cells exhibit distinctive features of glucose metabolism. The most strik-

ing difference between these two latter cell types is the apparent conver

sion of glucose to fructose by HTC cells (Fig. 7). HTC cells appear to 

2 
D. M. Bissell, G. A. Levine, and M. J. Bissell. Unpublished observations. 
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metabolize fructose ~oorly, if at all (32), which suggests that production 

of fructose in this manner represents an ener,gy waste, i.e., a "futi 1 e 

cycle." Futile cy7les involving phosphorylation and dephosphorylation 

of glucose or of _fructose-6-phosphate have been postulated for liver (9). 

The present data demonstrate in the HTC cells a futile cycle not reported 

previou!.;ly. It remains to be determined whether this process is unique 

to HTC cells or to neoplastic hepatocytes, in general. 

In considering the basis for the metabolic differences between pri-

mary culture and liver cell lines, an important question concerns the 

stage of culture at which meta.bolic changes ar~ initiated. Ther.efore, 

it is of interest that hepatocytes in primary culture exhibited a shift 

in glucose metabolism--albeit a small shift--in the course of the first 

3 days of incubation. Both.the rate of lactate production and the ratio 

14c-citrate:l4c-malate changed towards those values demonstrated by liver 
was 

cell lines. The possibility that this shift/derived not from hepatocytes 

but rather represented outgrowth of a non-hepatic (and presumably glycoly

tic) cell type seems unlikely, although this cannot be excluded absolute

ly. The initial inoculum for primary culture consists almost entirely 

of hepatic parenchymal cells (less than 1% are estimated to be non-paren

chymal cells) (4). Furthermore, the use of serum-free culture media 

would be expected to discourage growth of most, if not all, non-parenchy-

mal cells (27). Indeed, prolonged incubation (up to 2 wk) of this type 

of primary culture fails to stimulate outgrowth of any cells, and total 

protein per plate declines progressively over this period. Under these 

circumstances, changes in glucose metabolism during the first days of 
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incubation probably are derived from.the hepatic parenchymal cell popula

tion that dominates the preparation rather than from overgrowing fibro-

blasts. 

The relevance of these data to the problem of phenotypic stability 

in cultured liver cells needs to be considered, even if only speculatively. 

Hepatocytes in primary culture contrast with BRL and HTC cells with respect 

both to glucose metabolism and to the number and variety of retained 

liver-specific functions, the primary cultures being demonstrably much 

more 11 differentiated 11 than the permanent cell 1 ines (3). In addition, 

the early shift to increased glycolysis in primary culture coinci9es with 

alteration of individual hepatic functions, e.g., decreased cytochrome 

P-450(15) and drug-metabolizing acfivities (16), increased heme oxygenase 
.) 

activity (5) and decreased glucokinase (7). Based on these observations, 

changes in glucose metabolism may be intimately related to these pheno

typic alterations. Further studies will be required to examine the regu-

lation of these changes in metabolism and to determine, for example, 

whether changes in glucokinase precede or follow shifts in overall glucose 

metabolism. Such studies will contribute important new information 

towards an understanding of hepatocyte physiology as well as the main

tenance of specific function in cultured liver cells. · . 
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FIGURE LEGENDS 

FIGURE 1 Autoradiograms of labeled glucose metabolites separated by 

paper chromatography. Primary cultures .(Fig. lA), BRL cells (Fig. lB), 

and HTC cells (Fig. lC) were incubated with [u-14c]glucose for 30 min, 

and indi vi dua 1 ce 11 plates were processed for chromatography and auto

radiography, as described in Materials and Methods. 

FIGURE 2 Conversion of labeled glucose to 14co2 by liver cell cultures. 

Cultures were incubated with [u- 14c]glucose (final specific activity = 

l Ci/mole), under the conditions described in Materials and Methbds .. At 
,. 

the time-points indicated, individual plates were killed with HCl and 

labeled co2 was collected (see Materials and Methods). The Figure depicts 

both the absolute rate of production of labeled co2 (A) and the percent 

of total glucose metabolites in the respective cell types accounted for. 

as co2 (B). 

FIGURE 3 Utilization of glucose by liver cell cultures. After incuba-

tion with [u-14c]glucose for the periods indicated, cultures were analyzed 

for total glucose metabolites, as described in Materials and Methods. 

FIGURE 4 Flow of 14c from glucose into glycolytic intermediates. At 

the indicated time-points, cultures were killed with 80% acetic acid and 

analyz~d as described in Materials and Methods. The data represent mean 

+ SEM for 3-5 individual studies. Points without vert~cle bars represent 

the average of 2 studies. The data for hexose monophosphates re~resent 

the combined radioactivity from fructose-6-phosphate and glucose-6-phosphate, 
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of which 40-50% is fructose-6-phosphate, as determined from chromatograms 

on which the two compounds separate cleanly .. Although glycerol phosphate 

and di hydroxyacetone phosphate co-migrate in this sys tern, greater than 

90% of the label in the spot represents glycerol phosphate, as determined 

from separation of the two compounds by a·modification of the standard 

paper chromatographic techniques. Samples were run in the phenol :water: 

acetic acid solvent system only, supplemented with metabisulfite (S. Chin, 

M. J. Bissell, unpublished data). 

FIGURE 5 Conversion of glucose to lactate by liver cell cultures. At 

the time-points· indicated, cell extracts and incubation media were analyzed 

for 14c-lactate, as described in Materials·and Methods. The.data are from 

a representative experiment·and indicate both the absolute rate of accumul 

lati~n of 14c in lactate and the proportion of utilized glucose that is 

converted to lactate (inset). 

FIGURE 6 Effect of glucose-free medium on ATP levels in liver cell 

cultures. Primary cultures, 24 h after plating, and BRL or HTC cells, at 

confl uency, were changed to serum-free 199EV with or without 5. 5 mM glucose, 

at time 11 011
• At the time-points indicated, cultures incubated with glucose 

(
11 control 11

) or without glucose were analyzed for ATP content, as described 

in Materials and Methods. Removal of serum from the HTC and BRL cells 

during this· period had only a minor effect on cellula~ ATP, in that the 

concentration of nucleotide after 24 h in glucose-containing, serum-free 

199EV was 85% of that at 11 011 time. 
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FIGURE 7 Formation of fructose from glucose by HTC cells. HTC cell 

cultures were analyzed at the indicated time-points, as described in 

Materials and Methods. Fructose-6-phosphate comprises approximately 50% 

of the labeled hexqse monophosphate plotted in the Figure. 

FIGURE 8 Effect of incubation period and serum on lactate production 

by hepatocytes in primary culture. Conversion of labeled glucose to 

lactate was quantitated as in Fig. 5. When serum was present, it was 

added at the time of cell plating and maintained throughout the indicated 

incubation period. 
;. 

FIGURE 9 Effect of incubation period and serum on the ratio of 14c-citrate 

to 14c-malate in primary cultures. The conversion of labeled glucose to 

labeled citrate or rTBlate was examined as described in Materials and Methods. 

When present, serum (5%, v/v) was added at the time of cell plating and 

maintained for an incubation period of 72 h. 
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Table I. Recovery of radioactivity in glucose and glucose metabolites after chromatographic analysis. 

Liver 
Cell Type 

Primary 

BRL 

HTC 

14c applied 
(~moles/gm protein) 

147.0 

247.4 

305.1 

14c recovered 
(~moles/gm protefn) 

14c-glucose Total 14c metabolites 

109.3 25.1 

99.8 
,_. 

144.3 

141.9 146.4 

Percent recovered · 

91.4 

98.6 

94.5 

Cultures were incubated with [u-14c)glucose for a period of 30 minutes, and extracts were prepared as 

described in Methods. An aliquot of the extract was assayed for total radioactivity, and a second aliquot 

was ·spotted on paper for 2-dimensiona1 chromatography and autoradiography. Discrete labeled_ spots, comprising 

glucose and glucose.metabolites, were cut out, eluted from the paper and quantitated, as described in Methods. 

The sum of 14c in the spots is compared to the 14c applied, for an e~timate of the percent recovery of specific 

labeled compounds from the initial extract~ 

N 
\0 
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Table II. Formation of labeled ATP after incubation of cells with 

[u-14c]glucose and total. ATP concentration in cultured liver cells. 

30 

Liver 
Cell type labeled ATP 

(~moles 14c x gm protein -l x 30 min -l) 
Total ATP 

(nmoles x mg protein -l, 

Primary 1.67 + 0.81 (n=6) 10.1 + 0.6 
,, 

BRL 8.59 + 2.51 (n=4) 20.7 + 1.8 

HTC 19.92 + 10.7 (n=3) 18.6 + 1.1 

The data for labeled ATP represent mean + SO. The concentration of total ATP, 

expressed as mean+ SO (n=4), was determined as described in Materials and Methods. 
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Table III. Formation of labeled citrate and malate in cells incubated with [u-14c) glucose. 

Liver 
Cell type 

Primary 

BRL 

HTC 

Citrate ~alate Citrate/Malate· 
(~moles 14c x gm protein- x 30 min -1) 

1. 89 
0.29 
0.64 
0.74 
0.38 

3.27 
1.04 

3.71 
1.80 
3.33 

12.46 

2.05 
0. 54 
0.68 
1.25 
0.56 

0.63 
0.27 

0.46 
0.26 
1.40 
5.70 

0.92 
~0. 54 
0.94 
0.59 
0.68 

5.19 
3.85 

8.07 
6.92 
2.38 
2.19 

Each line represents a pair of values from an individual study. 

Average ratio 
(citrate/malate) 

0.73 

4.52 

4.89 

w ...... 



Table IV. Formation of labeled glutamate and aspartate in cells incubated with [u-14q glucose. 

Liver 
Cell type 

Primary 

BRL 

HTC 

Glutamate Aspartate 

-(~moles 14c x gm protein -l x.30 min -l) 

3.32 
3.90 
l. 15 
2.86 

19.49 
14.83 

7.19 

. 27.81 
16.54 
21.47 

6.04 
3.70 
1.45 
1.49 

1.45 
0.53 
1. 22 

2.95 
2.07 
1.49 

Each line represents a ·pair of values from an individual study. 

r 

Glutamate/Aspartate 

0.55 
1.05 
0.79 
1. 92 

13.44 
27.98 
5.89 

9.43 
7.99 

14.41 

.. ~ 

., 

Average ratio 

(glut/asp) 

1. 08 

15.77 

10.61 

w 
N 
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