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Summary DNA cell cycle distribution and glutathione (GSH) content in bone marrow were measured both
at daytime and midnight over single 24 h periods in 15 cancer patients. Between patients the S-phase
demonstrated a difference from lowest to highest value of 700%, whereas the corresponding difference for the
G2/M-phase was nearly 900%. The mean GSH content measured in the bone marrow at the two timepoints
was 2.24 ± 0.21 nmol mg-' protein, range 0.91-4.19 nmol mg-' protein. A statistically significant higher
fraction of cells in S-phase and G2/M-phase was found at daytime as compared to midnight when excluding
the four patients with an abnormal circadian variation in cortisol. No significant temporal variation in total
bone marrow GSH content was found, although a weak correlation between S-phase and GSH content was
demonstrated (r = 0.42; P< 0.05). This correlation was strengthened when not including the six patients with
an abnormal cortisol pattern (4) and bone marrow infiltration (2) (r = 0.66; P = 0.005). Cells in S-phase
demonstrated a positive correlation with cells in G2/M-phase (r = 0.64; P< 0.0001). A negative correlation
was found between GSH content and age (r = 0.53; P< 0.005). Finally, a statistically significant positive
correlation was demonstrated between cortisol and both S-phase and G2/M-phase (r = 0.57; P <0.001 and
r = 0.38; P< 0.05, respectively). The present study suggests a possibility of optimising cancer therapy and use
of hematopoietic growth factors by determining individual average values and circadian stage dependent
variation in bone marrow DNA cell cycle distribution. Furthermore, GSH content in bone marrow may
predict this tissue's sensitivity to cytotoxic agents.

The bone marrow is today the major dose limiting tissue
when treating cancer patients with cytotoxic drugs. Bone
marrow suppression is generally observed following combina-
tion therapy using different anticancer drugs (Evans, 1988;
Gale, 1988). It represents a major problem in cancer
chemotherapy, since therapeutic response usually requires
drug doses inducing bone marrow hypoplasia. Marrow supp-
ression may not only lead to neutropenia and serious infec-
tions, but also to dose reductions, postponement of treatment
courses and reduced duration of useful treatment. In addi-
tion, the possibilities of treatment in the event of relapse may
be reduced. This sensitivity to cytotoxic chemotherapy is to a
great extent related to the high proliferative activity of bone
marrow cells (Lohrman & Schreml, 1982; Pollak et al., 1989),
although other factors may contribute as well.

Glutathione (GSH), a cystein-containing tripeptide, has
been assigned an important role in the cellular defence
against free radicals and reactive oxygen intermediates, as
well as in detoxification processes and in the protection of
the cell against radiation damage (Dethmers & Meister, 1981;
Bump et al., 1982; Meister, 1983; Biaglow et al., 1983; Lee et
al., 1987; Friedman et al., 1989). It is the most abundant
intracellular non-protein thiol and the cellular content
amounts to 0.5-10 nmol 1' (Meister & Anderson, 1983;
Dusre et al., 1989). It has been demonstrated that bone
marrow of both animals and healthy humans contain a low
level of intracellular GSH as compared to other normal
tissues (Somfai-Relle et al., 1984a; Jaeschke & Wendel, 1985;
Tsutsui et al., 1986; Lee et al., 1987; Smaaland et al., 1991b),
and this may contribute to the reduced tolerance of bone
marrow cells towards cytotoxic drugs.

It is well documented that the susceptibility to cancer

chemotherapy shows circadian variations in laboratory
animals (Haus et al., 1972; Scheving et al., 1976; Levi et al.,
1982). In addition to reduced mortality due to acute toxicity,
it has also been shown that an increase in tumour effect or
cure rate can be obtained by timing the therapy to periods

with less susceptibility of normal cells (Haus et al., 1972;
Kuhl et al., 1974; Scheving et al., 1980a; Scheving et al.,
1980b; Sothern et al., 1989; Roemeling & Hrushesky, 1990).
Furthermore, clinical studies have demonstrated a circadian
stage dependence of bone marrow toxicity induced by
cytotoxic drugs. There are less dose reductions, less treatment
related complications and less postponements of drug courses
when drugs have been administered at certain times of the
day (Hrushesky, 1985; Kerr et al., 1990; Levi et al., 1990).
We have suggested that these temporal variations in
cytotoxic sensitivity of the bone marrow can be explained by
a circadian stage dependent variation in DNA synthesis (S-
phase) of bone marrow cells, which is significantly lower
during night as compared to daytime (Smaaland et al.,
1991a). A temporal covariation between DNA synthesis and
glutathione content of the bone marrow has been demon-
strated as well (Smaaland et al., 1991b). These studies were
performed in healthy male subjects. The present study was
performed in order to find out whether these earlier reported
results also are valid in cancer patients in whom the circadian
rhythmicity might be disturbed due to the malignant disease.

Materials and methods

Chemicals
N-Ethylmaleimide (NEM), N-ethylmorpholine, dithioery-
thritol, GSH and GSSG were obtained from Sigma Chemical
Co, St. Louis, MO, and sodium borohydride was from Fluka
Chemie AG, Switzerland. Dimethylsulfoxide (DMSO), hyd-
rogen bromide (HBr), 5-sulfosalicylic acid (dihydrate), per-
chloric acid, acetic acid and methanol (for chromatography)
were purchased from Merck AG, Dermstadt, F.R.G, and
monobromobimane was from Calbiochem, Behring Diagnos-
tics, La Jolla, CA, or Molecular Probes, Eugene, OR.

Patients

From November 1988 to April 1990, 15 patients hospitalised
for a malignant disease entered a protocol to study circadian
stage variations in bone marrow cell kinetics and glutathione
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content. The patients had given their informed written con-
sent to enter the study, which was approved and performed
in accordance with the guidelines of the regional medical
ethics committee.

All patients were staged according to the 1987 UICC
classification (UICC, 1987). One of the patients (UF, M +
disease) underwent a painful lymph node biopsy between the
bone marrow harvestings. Otherwise the rest of the patients
had not suffered any particular physical stress during the last
24 h before bone marrow sampling. Two patients with M +
breast carcinoma (MH and SK) had received intensive
chemotherphy during the years before the bone marrow
harvesting, while the other 13 patients had not received any
antineoplastic treatment. Patient characteristics are given in
Table I. Nine had stage IV or M + disease and two (SH and
NAM) had cytologically verified significant infiltration of
malignant cells in the bone marrow. All performance status
stages (WHO) are represented. All patients had a regular
diurnal rhythm for at least 3 weeks before the bone marrow
harvesting. They followed the hospital routine during the
study period, except during the two sampling periods. Their
biological diurnal rhythm was assessed by measuring the
cortisol level at the times of sampling.

Bone marrow cell cycle distribution, measured by flow
cytometry, were determined at daytime and at midnight in 15
patients (mean age = 48.7 years; range 27 -70 years), i.e. 30
samples, while the glutathione (GSH) content was deter-
mined in 14 patients (mean age 49.4 years; range 27-70
years); i.e. 28 samples. One bone marrow sample was lost for
GSH content measurement.

Protocol

Bone marrow DNA was sampled at 11 a.m. and 12 p.m. The
first time of sampling (before noon) was chosen because
cytotoxic drugs were usually administered at around 11 a.m.
in the hospital. In addition, high DNA synthesis is found in
bone marrow cells at this timepoint (Smaaland et al., 1991a).
The sampling of bone marrow at 12 p.m., i.e. at midnight,
was chosen because this time is close to the circadian stage at
which the lowest proliferative activity is expected.

Procedure for bone marrow sampling and sample handling
The bone marrow was harvested by puncturing the sternum
at both timepoints. The sternum was chosen because we have
demonstrated a higher DNA synthesis in samples harvested
from sternum as compared to the iliac crests (Smaaland et
al., 1991a).
Bone marrow samples for flow cytometric analysis and

GSH content determination were handled and processed as
earlier described (Smaaland et al., 1991a; Smaaland et al.,
1991b), one part being immediately put into liquid nitrogen
for later GSH content analysis, while another part was
stained for flow cytometric analysis according to the method
described by Vindel0v (Vindel0v, 1977). Each sample
obtained consisted of only 0.2 ml bone marrow in order to
avoid peripheral blood admixture and to reduce intra- and
interpatient variation in the number of mononucleated cells
obtained. Two droplets of each bone marrow sample were
used for GSH content determination.

In order to exclude that variations could be attributed to
dilution of the samples, caused by local bleeding at the
puncture site, differential counts were performed on smears
from all individual samples. All smears were characteristic of
bone marrow (results not shown).

Flow cytometry
The single cell suspension was analysed on a Cytofluorograf
50H, interfaced to a Model 2150 Computer (Ortho Diagnos-
tic Systems, Inc., Westwood, MA, USA). In the cytogram
obtained, both peak and area of the fluorescence signal were
used for region-setting to discriminate the GI/GO doublets
from the real G2/M cells. Thus, the second peak of the DNA

histogram contained only the G2/M cell population. The
total number of cells analysed for each sample was
3-4 x 104. Computerised analyses of the cell cycle distribu-
tion in the histograms were done using the constant function
of the cell cycle analysis program, by which the percentages
of cells in the GI/G0-, S- and G2/M-phases were calculated
(Dean & Jett, 1974; Gray & Dean, 1980). The mean CV
(coefficient of variation) of the DNA histograms was
2.9 ± 0.09% (range 2.1-4.0%).

Determination of reduced (GSH) and oxidised
(GSSG + GSSR) glutathione
A critical step in the determination of glutathione and its
different forms is the time between tissue sampling and
analysis or freezing in liquid nitrogen. We have found that
analysis of bone marrow aspirate which has been instantly
frozen in liquid nitrogen and stored either in this medium or
at - 80°C gives essentially the same values as an immediate
analysis of a fresh aspirate.
The two droplets of bone marrow (in liquid nitrogen) were

extracted within 3 days after sampling with 1 ml of ice-cold
5% sulfosalicylic acid containing 50 l5M DTE, and the
precipitated protein removed by centrifugation. This protein
precipitate was used for subsequent protein determination.
GSH and GSSG (oxidised glutathione) + GSSR (soluble
glutathione mixed disulfide) were determined in the acid
extract by a previously published method (Svardal et al.,
1990). Measurement of the bone marrow GSH content was
routinely performed in duplicates. The GSH content values
presented are the mean value of these two parallel determina-
tions.

Determination ofprotein
The acid precipitated protein was dissolved as previously
described (Smaaland et al., 1991b) and determined according
to Bradford (Bradford, 1976) using the Bio-Rad Protein
Assay Kit. Bovine globulin was used as protein standard.

Statistical analysis
Analyses were performed on absolute values as well as nor-
malised values, i.e. when the data were expressed as percen-
tage of the individual average value. This procedure was used
due to the large interindividual differences in several of the
parameters. Data were analysed by Student's t-test (paired,
two-tailed). Spearman rank correlation coefficients were com-
puted and tests were done to determine whether the r-value
differed from zero. In addition, multiple regression analyses
were performed.

Results

Circadian variation in serum cortisol
Determination of serum cortisol sampled immediately before
bone marrow harvesting demonstrated a normal cortisol pat-
tern in 11 of 15 patients, i.e. higher levels during early day
(before noon) (580.7 73.5 nmol I') as compared to mid-
night levels (245.2 ± 27.6 nmol 1-'). Three of these 11
patients had stage IV lymphomas, one had M + breast
carcinoma, and one had M + malignant melanoma. Of the
four patients having an abolished or inversed circadian cor-
tisol rhythm (early day: 377.3 ± 53.7 nmol l-l; midnight:
424.0 ± 75.9 nmol I'), two had stage IV lymphomas, the
other two had M + carcinomas, suggesting an abolished
internal biological rhythm due to their illness (Table I).

Cell cycle distribution
Fractions of cells in GO/Gl-phase, S-phase and G2/M-phase
were measured at early daytime and at midnight during one
24 h period in 15 patients (30 bone marrow samples). A
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considerable interindividual variation in cell cycle distribu-
tion was demonstrated. Compared to the lowest individual
S-phase and G2/M-phase values, the highest individual
values of these two parameters were 700% and 900% larger,
respectively.
The lowest and highest individual average S-phase value

for the two timepoints was 6.8% and 24.8%. The total mean
was 13.2 ± 1.1%.

Correspondingly, the lowest and highest individual average
G2/M-phase value for the two timepoints were 0.5% and
3.3%, while the total mean was 1.8 ± 0.2%.

Glutathione content

Both reduced and oxidised glutathione in the bone marrow
samples were measured. We found that the reduced form of
glutathione accounted for 84% of total glutathione, i.e.
reduced plus oxidised form.
The mean GSH content measured in the bone marrow of

14 patients (28 samples) at the two timpoints was
2.24 ± 0.21 nmol mg-' protein. The lowest and highest indi-
vidual average values of the two timepoint measurements
were 0.91 nmol mg-' protein and 4.19 nmol mg' protein,
respectively, i.e. a difference of 360%, or about a 3.5 fold
difference as compared to the lowest value. The difference
between the lowest and highest measured GSH content in
each individual ranged from 0.01 nmol mg' protein to
1.05 nmol mg-' protein, i.e. a significantly smaller absolute
variation. In percent the corresponding range of change from
lowest to highest GSH content varied from 0.8% to 69.1%
as compared to the lowest value, with a mean difference of
19.4%.

Variation in cell cycle distribution according to circadian stage

Due to cytologically verified bone marrow infiltration of
malignant cells, two patients (NAM and SH) were excluded
when analysing a possible circadian stage dependent cell cycle
distribution. The remaining 13 patients showed a trend
towards higher values of cells in S-phase at daytime as
compared to midnight, 14.8 + 1.4% vs. 12.4 ± 1.4%. The
same was found for the G2/M-phase, 2.0 ± 0.3 vs 1.5 ± 0.2.
These differences were not statistically significant (P =0.13
and P = 0.15, respectively).

However, when excluding the four patients with an abnor-
mal circadian variation in cortisol, a statistically significant
higher fraction of cells in S-phase was found for bone mar-
row cells harvested at daytime as compared to midnight,
whether patients with bone marrow infiltration were included
or not (Figure 1). Similar findings were demonstrated for
cells in G2/M-phase, with a higher percentage of cells in
G2/M-phase at 11 a.m. as compared to 12 p.m. When com-
paring the proliferative index (S-phase + G2/M-phase, i.e., a
measure of the total proliferative activity) between the two
timepoints of the circadian scale, the difference between cells
harvested at day and midnight was found statistically
significant as well (Figure 1). Accordingly, the percentage of
non-proliferating cells in GO/GI were found to be lower
during daytime as compared to midnight.
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Glutathione content according to circadian stage

Although a slightly higher GSH content was found in sam-

ples harvested at daytime (2.31 ± 0.28 nmol mg-' protein) as

compared to midnight (2.19 ± 0.29 nmol mg-' protein), this
difference was not statistically significant (P = 0.39). Neither
could any significant difference be found when patients with
bone marrow infiltration and abnormal circadian cortisol
variation were excluded (P = 0.20).

Relation between S-phase, G2/M-phase and glutathione content

When correlating fraction of cells in S-phase with correspon-

ding values of GSH content, a weak, although statistically
significant, correlation was found (r = 0.42; P = 0.028). A
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Figure 1 Cell cycle distribution (GO/GI-, S-, G2/M- and S- + G2/M-phase) according to circadian stage (11 a.m. vs 12 p.m.) for
patients with normal cortisol pattern and no bone marrow infiltration. The circadian variation in S-phase of bone marrow cells of
healthy subjects when sampled every 4 h (previously published results, see text) is included in the graph to demonstrate the
corresponding findings in these two studies.

better relationship was demonstrated when not including
patients with an abnormal cortisol pattern and bone marrow

infiltration (r = 0.66; P = 0.005). The two patients with bone
marrow infiltration were excluded because tumour cells
generally have a higher GSH content as compared to normal
cells. Furthermore, by multiple regression analysis a

significant correlation was found between S-phase and GSH
content (P = 0.017).
No correlation was found between the absolute values of

G2/M-phase and GSH (P = 0.22), nor when not including
patients with an abnormal cortisol pattern or bone marrow
infiltration (P = 0.12). However, a statistically significant cor-

relation was found between these two parameters (P =
0.006), also by multiple regression analysis (P = 0.005), when
the values for G2/M and GSH content were normalised.

Relation between S-phase and G2/M-phase

Both S-phase and G2/M-phase are a measure of actively
proliferating cells. When correlating fraction of bone marrow
cells in S-phase with the corresponding cells in G2/M-phase,
a statistically significant relation was found for absolute
values (P<0.0001) (Figure 2), as well as for percent of mean
units (P <0.001). However, when performing a mutliple
regression analysis the relation did not reach statistical
significance for absolute values, but was highly statistically
significant when the data were analysed as percent of mean
(P< 0.0001).

Glutathione content and age

Since two samples were obtained for each patient (n = 14),
this gave the possibility of comparing 28 paired age-GSH

content values. A negative correlation was demonstrated
(r = 0.53, P<0.005), indicating decreasing GSH content in
human bone marrow with increasing age (Figure 3). This
correlation was also highly statistically significant by multiple
regression analysis (P = 0.001).

Relation between S-phase, G2/M-phase and cortisol

It was of interest to relate cortisol, a parameter with a large
circadian amplitude and measurable in peripheral blood, to
bone marrow cell proliferative activity. Due to large inter-
individual differences in cortisol, S-phase- and G2/M-phase
values, all values were normalised and expressed as percent
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Figure 2 Correlation between DNA synthesis (S-phase) and G2/
mitosis (G2/M-phase) for 15 patients (30 bone marrow samples).
r=0.64; P<0.0001.
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Figure 3 Correlation between glutathion
patients (28 bone marrow samples).
r = 0.53; P<0.005.

of the individual average value. A
positive correlation was demonstrated
S-phase (P<0.001) and G2/M-phase (
relations were statistically significant
as well (P<0.0005 and P = 0.01, resl

Discussion

The efficacy of most antineoplastic di
dependent, i.e., higher doses over a s
rease the response rates and proportioi
et al., 1990). Any compromise of dose
ment schedule will diminish the likelih
or cure (DeVita, 1986; Hryniuk et al.,
therefore becomes important to reduc
normal sensitive tissues, especially the
The present study extends our earli

men of a circadian stage dependent v
thesis (Smaaland et al., 1991a) and

(Smaaland et al., 199 lb). This was not due to a low content
of GSH in the two patients having undergone intensive
chemotherapy (mean GSH content of these two patients was
2.34 nmol mg-' protein). Thus, the earlier reported low level
of glutathione content in human bone marrow was confirmed

A A (Smaaland et al., 1991b), indicating that a low detoxifying
capacity may be an explanation for the high sensitivity of the
bone marrow to cytotoxic drugs, in addition to the high
proliferative activity. The suggested differential response of

A bone marrow as compared to malignant tumours to pretreat-
ment with the GSH-depleting agent BSO (Smaaland et al.,
1991b), may indicate a way of preferentially protecting the

60 70 80 bone marrow to cytotoxic therapy. This hypothesis is sup-
ported by several studies (Somfai-Relle et al., 1984b; Russo et

e content and age in 14 al., 1986; Tsutsui et al., 1986; Ozols et al., 1987; Lee, 1991).
Conceivably, admixture of peripheral blood derived red

blood cells (RBCs) could contribute to the GSH content
measured. By always using the same procedure in bone mar-
row harvesting, in addition to the small bone marrow sample
harvested, we tried to minimise this potential problem. How-

statistically significant ever, we decided to measure GSH content in total bone
Ibetween cortisol and marrow for two reasons. First, a procedure including a den-
'P = 0.012). These cor- sity gradient step to purify the bone marrow cells may itself
by multiple regression affect cellular reduced glutathione content. Second, intercel-
pectively). lular transport of GSH as a mechanism of transfer of drug

resistance between adjacent cells has recently been described
(Li et al., 1989; Den Boer et al., 1989; Kavanagh et al., 1988;
Frankfurt et al., 1991; Meister, 1991) and GSH content in
crude bone marrow may therefore reflect the detoxifying

rugs is dose intensity- capacity of the bone marrow in vivo.
,horter time span inc- The finding of a 3.5 fold difference between the lowest and
n of cures (Moormeier highest average GSH content in bone marrow of cancer
age or delays in treat- patients is even larger than reported in our earlier study of
ood of cancer control healthy subjects (Smaaland et al., 1991b). The findings
1987; Evans, 1988). It reported in the present study underscore the earlier results of
xe the toxic effects to a relative large interindividual difference in bone marrow
bone marrow. GSH content, which may indicate differing susceptibility of

ier findings in healthy individual patients to cytotoxic therapy. This may have prog-
ariation in DNA syn- nostic relevance in decision making relative to dose intensity
I glutathione content when administering cytotoxic drugs to patients.

(Smaaland et al., 199 lb) in human bone marrow. Based on
the results of these studies, we chose to perform the bone
marrow sampling at daytime and at midnight, i.e. at times of
presumed high and low proliferative activity, respectively.
Cortisol level was determined to see whether the endogeneous
rhythm of the cancer patients was preserved.

Based on measurement of cortisol pattern we found that
five of nine patients with advanced or disseminated disease
had a preserved endogeneous rhythm. This is consistent with
earlier reported data (Touitou et al., 1990).
A wide range in values of the different phases of the cell

cycle was found between the patients, and the variation was
even larger than found in DNA synthesis of healthy subjects
(Smaaland et al., 1991a). This could not be explained by
differences in proliferative activity between treated and non-
treated patients. These interindividual differences in cell cycle
distribution may explain the clinically observed variations in
bone marrow sensitivity to cytotoxic drugs in cancer patients.
The mean value in S-phase of 13.2% is the same mean value
as was found for healthy volunteers (Smaaland et al., 1991a).
The mean S-phase value of 14.2% for the samples obtained
at daytime are also close to values reported for S-phase
values obtained by trephine (15.3%) and from filtered bone
marrow fragments (16.5%) (Zbroja et al., 1986). These cor-
responding values of S-phase indicate that dilution of the
bone marrow samples with peripheral blood in the present
study do not cause falsely low DNA synthesis values. In
addition, they validate the differences found in cell cycle
distribution at each circadian stage.

Bone marrow GSH content

The total mean GSH content measured was somewhat lower
than the previously reported GSH content in healthy individ-
uals (2.24 nmol mg' protein vs 2.54 nmol mg-' protein)

Circadian variation in cell cycle distribution

A statistically significant higher S-phase and G2/M-phase
was found for bone marrow cells harvested during early
daytime as compared to midnight for patients with a normal
circadian cortisol pattern. This is consistent with our earlier
results (Smaaland et al., 1991a) and the data of Mauer
(Mauer, 1965) who found that percentage of 3H-TdR labelled
cells of the myeloid lineage was higher during the day as
compared to midnight in three of four individuals.

Therefore, by taking circadian stage dependent variations
of bone marrow cell proliferative activity into account, it
may be possible to reduce bone marrow toxicity of S- and
G2/M-phase specific drugs or drugs having a major effect on
these phases. This may be done by administering the drugs or
the major dose of a continuous drug infusion during the time
of lowest proliferative activity, i.e. late evening or at night in
diurnally-active individuals. Cells in the S- and G2/M-phase
will then be less susceptible, and cells in the Gl-phase will
have more time to repair DNA breaks before entering S-
phase and replicating (Karp & Broder, 1991). However,
pharmacokinetic and pharmacodynamic properties of the
actual cytotoxic drugs must be taken into consideration.
An additional important aspect of the present study as well

as the earlier reported findings in healthy subjects, is that it
may be possible to increase the effect of biological response
modifiers like G-CSF, GM-CSF and IL-3 (Smaaland et al.,
1991a). This may be done by administering the optimal dose
at the time of greatest responsiveness of the bone marrow
cells and thereby increase their effect, and possibly also
reduce their side effects. These data further suggest that it
may be possible to increase the fraction of proliferating cells
with careful selection of time of day for harvesting bone
marrow cells for auto- or allografting.
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GSH content according to circadian stage

Although the glutathione content during daytime was slightly
higher as compared to the midnight value, the small
difference in mean GSH content between the samples
obtained at 11 a.m. and 12 p.m. suggests that the circadian
variation of this parameter is small for total bone marrow.
This is consistent with the findings in healthy subjects (Smaa-
land et al., 1991b), although when doing bone marrow
harvesting at four hour intervals, a significant rhythm was
detected by single cosinor analysis. However, in the present
study the 1 lam/12pm timepoints most likely do not represent
the acrophase and trough of bone marrow GSH content.
This agrees with our earlier findings showing acrophase and
trough at 08.30 and 20.30 h, respectively, with a larger mean
intraindividual temporal variation in GSH (Smaaland et al.,
1991b). Further, the possibility exists that the circadian
rhythm might be maintained in cancer patients, but with a
variable shift in timepoints corresponding to acrophase and
trough. Finally, the GSH content was not specifically
measured in mononucleated cells. Preliminary studies indicate
a higher GSH content in mononucleated cells, and thereby a
dilution effect by red blood cells.

All these factors may explain the relative small circadian
stage-dependent variation in GSH content observed in this
study. Future studies should therefore include measurements
of GSH content in mononucleated cells in addition to total
bone marrow GSH content.

Relationship between S-phase, G2/M-phase and GSH

A statistically significant, albeit weak (r = 0.42), correlation
between S-phase and glutathione was demonstrated. This
correlation was also statistically signifiant by multiple regres-
sion analysis. The finding is in accordance with our earlier
results (Smaaland et al., 1991b) which indicate that acrophase
and trough of glutathione precede the corresponding cir-
cadian stages of DNA synthesis by about 4 h. However, the
phasing of the two parameters are sufficiently close in time to
demonstrate a correlation in the present study. The finding of
a circadian variation in S-phase and not in GSH content may
seem contradictory relative to the demonstration of a positive
relationship between these two parameters. This may to some
extent be explained by the finding that both S-phase and
GSH content were found to be higher during daytime,
although the difference in GSH content did not reach statis-
tical significance.
A statistically significant correlation was found between

GSH and G2/M-phase by multiple regression analysis when
the values for G2/M and GSH were normalised (P = 0.005),
indicating a temporal covariation in phasing. Lack of cor-
relation between the absolute values of GSH content and the
G2/M-phase by Spearman correlation test may be explained
by a larger temporal difference in phasing between GSH and
the G2/M-phase as compared with GSH and S-phase.

Relationship between S-phase and G2/M phase

A highly significant correlation between the S-phase and
G2/M-phase was found, suggesting a rapid DNA synthesis
rate with cells passing rapidly through the cell cycle. How-
ever, it also validates the circadian variation observed in the

Table II Correlation between cortisol and S-phase, G2/M-phase and
S + G2/M-phasel

Parameter r-value P-value

Cortisol vs S-phase 0.57 0.001
Cortisol vs G2/M-phase 0.38 <0.05
Cortisol vs S-phase + G2/M-phase 0.51 <0.005

aNormalised data, i.e., average value of each individual parameter is
set to 100%.

S- and G2/M-phase, because these two phases reflect the
proliferative activity of the cells. That these phases of the cell
cycle are low at about the same time of the day, i.e., during
night, may increase the usefulness of cytotoxic drugs having
their main effect on DNA synthesis and mitosis.

GSH and age

We found a highly statistically significant negative correlation
between GSH content of the bone marrow and age. This is in
accordance with findings in mice (Hazelton & Lang, 1980).
The observation may indicate a decreasing resistance of bone
marrow cells against free radicals, oxidative injury and
detoxification processes with increasing age.

Cortisol and cell cyle distribution

Although higher S- and G2/M-phase fractions were found
during daytime as compared to midnight for all patients, this
difference did not reach statistical significance when including
patients with an abnormal cortisol pattern, because three of
four of these patients also had an inversed circadian varia-
tion in S-phase, i.e. higher values at midnight as compared to
daytime. This finding suggested a relationship between cor-
tisol level and S-phase and G2/M-phase. Such a correlation
was demonstrated (Table II). The observation is in accor-
dance with our previous published data, demonstrating a
close slightly phase-shifted covariation between cortisol and
DNA synthesis (Smaaland et al., 1991c). Taken together, the
results of these two studies indicate a relationship, possibly
indirect, between cortisol and DNA synthesis. This points to
cortisol as a marker of the DNA synthetic activity to tailor
chronotherapy to the individual patient.

In conclusion, the present study extends and corroborates
our earlier findings suggesting a possibility of optimising
cancer chemotherapy and use of hematopoietic growth fac-
tors by determining individual average values and circadian
stage dependent variation in bone marrow cell cycle distribu-
tion. This is easily done by aspiration of bone marrow at
daytime and at midnight by a standard technique used in the
clinic. The individualisation of cytotoxic therapy may be
further refined and possibly simplified by measuring cortisol
in peripheral blood, due to the relation of this parameter to
bone marrow cell proliferative activity. In addition, measur-
ing glutathione content in the bone marrow may predict the
sensitivity of this crucial tissue to cytotoxic agents.

This study was supported by the Norwegian Cancer Society and in
part by the Blix foundation. We are indebted to Prof. Ole D.
Laerum for critical review of the manuscript and to Robert B.
Sothern, Ph.D., for help with the statistical analyses.
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