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THE RELATIONSHIP OF LACTIC DEHYDROGENASE ISOZYMES
TO THE METABOLISM OF CULTURED HUMAN LEUKOCYTES
B E E b MK OMKHM ELBE KFEER
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INTRODUCTION

Tissue specificity of the lactic dehydrogenase (LDH)
isozymes has been demonstrated in man' and in other
species.? Genetic control of the synthesis of the heart
(H)and muscle (M) polypeptides has also been well
documented.*?

It has been suggested that LDH-1 predominates in tissues
in which aerobie conditions exist, while LDH-5 predomi-
nates under anaerobic conditions.® The sensitivity of
LDH-1, and the resistance of LDH-5, to pyruvic and
lactic acids has been cited in support of this hypothesis.
Vesell has recently demonstrated, however, that this
differential sensitivity of purified LDH-1 and LDH-5 occurs
at levels of pyruvate and lactate which are well above the
physiologic range.®

In an attempt to investigate this problem in a living cell
system with high metabolic activity, the changing patterns
of LDH isozymes in primary cultures of rapidly dividing
human leukocytes were examined. The cells were studied
during dedifferentiation and transformation in vitro, and
on entering into active mitosis. The relationship of the
isozyme pattern to both cell metabolism and mitotic activity
was investigated.

METHODS AND MATERIALS

Cell Culture Techniques Leukocytes were obtained from
normal volunteers, and cultures were established after
treatment of cells with Phytohemagglutinin M, according
to the method of Moorehead.” From 6-8 x10° cells
were inoculated into each culture using Tissue Culture
Medium 199 of Difco, and a volume of fetal bovine serum
equal to that of the cell suspension. A mixture of
10% COz : 90% air was used to adjust the initial pH of
the cultures to 6.8-6.9. Cultures were incubated at 37 C.
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Five identical cultures were established on each subject,
and analyses of isozymes and metabolites were performed
prior to incubation, and at 24, 48, 60, and 72 hours of
incubation.

Cells were harvested, washed three times in isotonic
saline, and homogenized in 0.5 ml saline at room temper-
ature, using a Tri-R Stir-R, with teflon pestle, at 2500
revolutions per minute.

Analyses of glucose, lactic and pyruvic acids, and oxygen
content were performed on aliquots of the medium overlying
the actively growing cell layer.

In studies on the effect of oxygen, 100 % 0, was bubbled
into the cultures for 10 seconds, at a flow rate of less
than 1 liter per minute, every 12 hours during incubation.

Analytical Procedures Agar-gel electrophoresis was
done according to a modification of the Shibata-Iuchi
technique.®  Between 5-6 microliters of cell homogenate
was electrophoresed for 30 minutes at 4C, 150 volts, and
50 milliamps. Agar strips were then placed in sodium
lactate substrate solution for 1 hour at 37 C. Diphospho-
pyridine nucleotide (DPN) was used as coenzyme, and
phenazine methosulfate as electron transporter. Nitro
blue tetrazolium was reduced, in the presence of LDH,
to formazan, producing a purple band at the sites of LDH
activity. With this method, LDH-1 and LDH-2 migrated
to the anode; LDH-3, LDH-4 and ILDH-5 to the cathode.
Dens ity tracings were done on the agar strips using the
Beckman/Spinco Analytrol. The percent distribution of
each LDH band was calculated from these tracings,
according to the area under the obtained density curves.

Glucose determinations were performed on tissue culture
medium using a modification of Folin’s micromethod.”
Oxygen content was done under oil, according to the
Natelson and Menning 1:-3r:}111i|c1u13.=""J The 2, 4 dinitrophenyl
hydrazone derivative of pyruvic acid was formed, and
pvruvate levels were determined by the method of
Friedemann and Haugen.” Lactic acid measurements
were done using the Huckabee modification of Barker

and Summerson’s spectrophotometric technique.'?

RESULTS

The patterns of LDH activity in these leukocyte cultures
were found to vary with time, as seen in Figure 1. The
relative amounts of each band prior to culture and at 72
hours, in four different sets of cultures, are recorded in

Table 1.

FWMRBEIZ D EM—FMFTHEL 5 A7 2 7. BN,
W24, 48, 60, T2REM ST A v A L L (B
MosEiti- ik,

MM AR L T ESRAE AR T3 @BEi% L, &K 0.5ml
ANi, ERChOTT e pAMEEBLS Tri—R
Stir—R %M L T 1 4250066 T L -,

ﬁ%umﬁ?%ﬂ%@mf¢Lt&%ﬁﬁm%mcf,
TR, LESIUCAE B, RGN EERED
T EAT RS .

MEOHPLTANL 0, HEREE D212, 100% 0
E15H1 Y PVEIROES TI0MM, BEkod iz
i)é’) i

DHFE EH-FAOFEOEERIIEL > TERFLE
RABMEET - 2.8 MBAESA—F5-6<4 7
By blizowg, 4C¢, 150V, 50mA 2% L
TG MEBERGFEET Lo 2. KO TEREREITCT
FLAES by oy AEEEHC LEMEELA. BB L
T i, Diphosphopyridine nucleotide (DPN) & H v, %
TI{RE R & L TIE phenazine methosulfate % {# A L 7-.
LDHiz & B, Nitro blue tetrazolium | formazan 2%
LT, LDHESSH 3%E 2245, coHEIE2
& LDH-1¢&LDH - 2 2@~ E L, LDH- 3,
LDH - 4 5 X O'LDH - 5 £ B~ 8+ 5. Beckman /
Spinco Analytrol = H W THERKFER OB AXENE & 1T %
afz. ZOBEICE s TR S AW HES S FTom
HEAOTELDHE OB HS M HEL .

Folin o il E Bik® 0Kk X - THIEE RO ¥ 0
A —EERYTA 2. BEEBEIL Natelson B LU
Menning @) JiiE" (24 o Tilish Tl L2, En v v
D24 F=raTdz=—nnd F7Yr FHERED,
Friedemann # L ¢ Haugen ¢y HiE! 2 f o T ¥y
B4 lllhe L/, Barker i X (fSummersond) 47 #3140
E k"™ @ Huckabee dy @ ih(z & o TELEE &M% L 7.

w2

Lk ek, LDHE#MO 42— 1%, 11z
AT LI IFEHOEBI I R TET 22 EXEH LR
T 4 o REER TR A AR L R 20 O BT
WM e 2 1IZmRL 2



FIGURE 1 AGAR-GEL ELECTROPHORETIC PATTERNS AND DENSITY TRACINGS OF LDH ISOZYMES
IN NONCULTURED AND 72-HOUR CULTURED LEUKOCYTES
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TABLE 1 PERCENT DISTRIBUTION OF LDH ISOZYMES IN NONCULTURED LEUKOCYTE HOMOGENATES,
AND AFTER 72 HOURS OF CULTURE

#1 EAMBRAEY A~ PORENWEERT2EMEBIIETALDHT A v L OETEST

Case Time

e 5 1 LDH-1 LDH-2 LDH-3 LDH-4 LDH-5
1 Prior to Culture 3% %80 47.8% 42.0% 10.2% 0.0% 0.0 %

72 Hours H5 3 7205 ] % 20.8 25.6 41.8 11.1 0.7

2 Prior to Culture &3 i 38.1 31.4 26.6 2.9 0.0

72 Hours $53E 7205 i i% 23.1 32.3 2179 16.9 0.0

3 Prior to Culture %% 8] 38.6 38.6 14.9 4.4 3.5

72 Hours H5% 720F [ # 28.6 311 24.7 15.6 0.0

4 Prior to Culture 33 #( 23.0 41.4 3.9 3.2 0.5

72 Hours 34 7285 1 i3 12.3 20.8 43.0 13.1 0.8

The anodal bands, LDH-1 and LDH-2, were initially the
major components, with a significant, but variable, pro-
portion of the total enzymatic activity appearing as LDH-3.
This pattern was also seen in experiments with cell
suspensions from which the granulocytes had been removed,
using the iron-filing technique of Hastings et alt®

During the 24-48 hour culture period, when cellular
transformation and early mitosis began, a shift toward
the cathode was seen. This increase in cathodal band
activity was centered about LDH-3 and LDH-4, with the
most impressive changes being recorded at 72 hours of
incubation, when mitotic activity was at its peak. Figure 2
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illustrates the changing percentages of H and M subunits
in Case 1, representative of the four cases presented,
with a fall in the percent of H subunits from 84.0, seen
prior to culture, to 64.0, at 72 hours, and an associated
rise of 20% in M subunit activity.

This change in subunit proportions at different times in
culture lead to an exploration of the metabolism of the
leukocytes during the short-term culture period. As seen
in Figure 3, there was a 40 mg/100 ml decrease in glucose
concentration of the sampled medium in both experiments,
and a minimal but consistent decline in oxygen content.
Pyruvic acid accumulation was rapid, as shown in Figure 4,
and between 48 and 72 hours, the maximal increase in
lactic acid was noted, a 26.8 mg/100 ml increase in experi-
ment 1, 20.0 mg/100 mlin experiment2. This rise in lactic
acid occurred at the time when mitotic activity of the
cultures became most intense. The mitotic index, defined
as the number of cells in active mitosis per 1000 cells
examined, rose from 6 at 24 hours, to 26 at 48 hours, to
49 at 72 hours (average values for the four cases).

The pH of the medium in these cultures ranged from
6.8-7.0 at the beginning of culture, and fell to a low of
6.6-6.8 after 72 hours.

The effect of transiently increased oxygen tension on the
isozyme pattern of the cells was studied, and the LDH
patterns obtained prior to culture and at 72 hours are
shown in Figure 5. Table 2 gives the percent distribution
of the isozymes in four oxygen-supplemented sets of cultures.
In two of the three cases (6 and 7) in which cell growth
was adequate, there was a fall in the percent of LDH-3
by 72 hours. In Case 5, however, ther_e was an increase
of 12%, approximately the same as seen in non-oxygenated
cultures.

As illustrated in Figure 6, the percent increase in M
subunits in oxygenated cultures tended to be lower than
that seen in normal cultures. For Case 7 this difference
was clear, with only a 1 % rise in M subunits over 72 hours.
For both Case 5 and Case 6, however, there was an 8%
increase, slightly less than the lowest value obtained in
the nonoxygenated cultures (Case 3). The cells of Case 8§
failed to grow under conditions of increased oxygen
content. Since b%-8% of the normal leukocyte cultures
fail, it is difficult to say whether or not this was an effect
of the added oxygen.

The mitotic indices and the percentages of transformed
cells in the three oxygenated cultures with satisfactory
growth were the same as in nonoxygenated cultures.
Using these criteria of in vitro cell growth, the levels of
increased oxygen used here were sufficient to inhibit
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FIGURE 2 PERCENT DISTRIBUTION OF H AND M SUBUNITS IN CASE 1 DURING SHORT-TERM
LEUKOCYTE CULTURE
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FIGURE 3 OXYGEN AND GLUCOSE CURVES FROM TWO SETS OF LEUKOCYTE CULTURES,
FOLLOWED OVER A 72.HOUR PERIOD
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FIGURE 4 PYRUVIC AND LACTIC ACID CURVES FROM TWO SETS OF LEUKOCYTE CULTURES,
Y FOLLOWED OVER A 72-HOUR PERIOD
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TABLE 2 PERCENT DISTRIBUTION OF LDH ISOZYMES IN OXYGENATED NONCULTURED LEUKOCYTES,

AND IN OXYGENATED 72-HOUR CULTURES

f2 HENOEEHRTZEMOBERMAOMERCE TS

LDH7 A4 v+44

L )T Gy B Sy A

Case Time LDH-1

LDH-3 LDH-4

SO B S 2 LPi LD
5 Prior to Culture 35347 . 41.8% 43.7% 14.5% 0.0% 0.0%
72 Hours HE8 % 72050 . 27.9 41.6 26.3 4.2 0.0
6 Prior to Culture. K3 RT.. 32.9 37.3 26.9 2.2 0.7
72 Hours, HE# % T20ER 30.4 32.2 18.0 12.4 6.9
T Prior to Culture B30 29.5 35.9 28.2 5.1 1.3
72 Hours. 3 1% 7208 ., 34.8 36.0 12.4 9.0 7.8
8 Prior to Culture, 55281 31.0 38.3 24.7 5.9 0.1

72 Hours HEFEH 72050

No Growth HfE L &

significantly the normally occuring rise in M subunits in
one of three cases, and only minimally, if at all, in the
other two.

The pH range of the oxygenated cultures was 6.8-7.0, as

recorded at 24-hour intervals during incubations. This
was slightly higher than, but essentially the same as, in
normal cultures (6.6-6.8).

DISCUSSION

Sequential in vivo and in vitro alterations in LDH isozyme

patterns during differentiation have been shown for several .

species, including man.!* In general, during embryogenesis
and in tissue culture, a tissue specific shift in the isozyme
pattern is seen.!”>  This alteration may be related to the
development of different cell types within a given tissue,
or to a change in the function of already existing cells.
The available evidence suggests that the oxygen supply to
an actively dividing cell system, whether a fetus in utero or a
cell line in culture, may be one of the few environmental
factors capable of modifying the pattern of isozyme
activity.'®

In the transformed and dividing leukocytes studied here
the shift toward the cathode correlates well with the
observed peak in mitotic activity, and may reflect a normal
readjustment in the metabolism of these cells.

Short-term tissue culture of human leukocytes has been
shown to follow a rapid, orderly sequence in which cells
of the granulocytic series degenerate within the first
24 hours.!” Cells of the lymphocytic series dedifferentiate,
transform into blasts and prolymphocytes, and enter
mitosis sometime after the first 40-50 hours of culture.'®

Quaglino et al'? demonstrated that early in culture the
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lymphocytes are glycogen-rich, staining heavily with
periodic acid Schiff stain. Late in culture, the cells are
glvcogen -depleted.

The findings in the present study support the idea that
glycogen serves as the major energy source by which
lymphocytes undergo transformation in culture. Through-
out the T72-hour culture period, the concentrations of
glucose and oxygen fell, while pyruvic acid levels increased.
The sharp rise in lactic acid, seen between 48 and 72
hours, suggests that a shift to anaerobic glycolysis may
have taken place at that time. The increase in M subunit
synthesis with an associated increase in pyruvate and
lactate concentrations, and a decreasing oxygen content,
is consistent with this hypothesis.

The levels of pyruvic and lactic acids found in this system
were less than those described by Vesellf as inhibitory
to purified LDH-1 in vitro. However, concentrations
not inhibitory to the pure enzyme form may affect the rates
of synthesis or release of enzyme in complex living cell
systems, thus altering the observed patterns of isozyme

activity. -

The rapid division time of these cells in tissue culture,
and the considerable energy which must be utilized for
mitosis might reasonably require a form of LDH which is
more resistant to increased pyruvic acid than that seen
in the mature, non-dividing leukoecytes used to initiate the
cultures. This adaptation of LDH to the metabolic needs
of the tissue in which it is functioning has been demon-
strated by Wilson et al®" for the LDH isozymes of the
breast muscle of birds with different flight characteristies.

It must be noted that in the short-term leukocyte culture
cells in all stages of pre-mitosis and mitosis may be seen.
This undoubtedly leads to a variety of metabolic differences
within the cell population, and the isozyme patterns,
therefore, reflect only the general picture of cell metabo-
lism. Thus, H subunits are still dominant at 72 hours of
culture, indicating either that aerobic plycolysis is still
the major pathway, or that for this cell system, there is
a limit to its capacity to synthesize the M polypeptide.

The suggestive oxygen effect demonstrated here was also
noted by Cahn?! who raised the percentage of H subunits
in embryonic chick heart cells grown in culture by adding
95% 0z . If, under aerobic conditions, the normally
observed tendency toward anaerobic glycolysis can be
reversed, with energy production continuing via the Krebs
cycle, then the need for adjusting polypeptide synthesis
would be obviated, and little increase in M subunit
synthesis would be expected.
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The contribution of degenerating granulocytes to the early
patterns of LDH activity is difficult to evaluate. The
possibility of enzyme leakage from these cells is consider-
able.?? Removal of granulocytes from the original leukocyte
suspensions and culturing of the remaining cells, largely
lymphoeytes, produced LDH patterns similar to those
seen in the cultures of whole leukocyte suspensions.

The effect of different substrates on LDH patterns of
cultured cells requires further investigation to elucidate
the more intimate relationship of isozyme patterns to
metabolic sequences. The shortterm leukocyte culture
appears to be a useful system for this purpose:dediffer-
entiation is rapid, mitotic activity is high, and the metabolic
requirements for growth are easily met. With clarification
of the patterns of metabolic activity in normal cultures,
selective alteration of the medium is now feasible.

SUMMARY

The changing patterns of LDH activity in primary cultures
of human lenkocytes were related to cell metabolism and
mitotic activity. The dominance of LDH-1 and LDH-2
seen in noncultured leukocyte suspensions and after the
first 24 hours of culture was followed by a shift at 48-72
hours to a pattern in which LDH-3 and LLDH-4 significantly
increased. The rise in M subunits occurred at the same

time as increased numbers of transformed cells and of

cells in active mitosis appeared in culture.

The level of glucose in the medium fell throughout culture,
while the levels of pyruvic and lactic acids maximally
increased in the 48-72 hour period. Togefher with the
gradual decrease found in oxygen content, these changes
suggest that the major energy source early in culture is
from aerobic metabolism, while anaerobic glycolysis appears
to be the dominant metabolic process late in culture, when
the shift to the cathodal bands takes place. The variable
response of these cultures to oxygen supplementation is
presented.
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