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Abstract—Since cancer may be regarded as a disease of differentiation and sodium butyrate
induces differentiation of malignant cells in vitro, a study of the clinical pharmacology of sodium
butyrate was undertaken. Nine patients with acute myeloid (n = 1), acute monocytic (n = 1),
acute myelomonocytic (n = 6) and acute undifferentiated (n = 1) leukemia were treated. Their
median age was 52 (range, 27-78) years. Six of the nine patients were preireated with cytostatic
agents. Sodium butyrate was administered i.v. at a dosage of 500 mg/kg/day as continuous
infusion over 10 days. A sensitive and reproducible high-performance liquid chromatographic
separation was developed after derivatization of sodium butyrate with 2,4’ -dibromoacetophenone
employing crown ether catalysis. Plasma concentrations and urinary excretion of sodium butyrate
were monitored during the 10 days of continuous infusion and for 2 days thereafter. During
infusion, plasma concentrations increased 6-fold over the endogenous butyrate level and reached
39-59 WM. The area under the curve of the exogenous butyrate was 384 = 50 pM Xday

(mean = S.D.). After the end of infusion, concentrations declined rapidly with a half-life of
6.1 * 1.4 min, and reached pretreatment values within | hr. The total clearance rate was
83 x 12 ml/kg/min and the volume of distribution 738 = 245 ml/kg. The excreted amounts
of butyrate in the urine were minimal as compared to the infused dose. Although excretion by
other organs was not ruled out, it is suggested that the infused sodium butyrate was rapidly
metabolized. A significant increase in peripheral blast cells was observed, whereas bone marrow
cytologies before and after treatment did not reveal a signficant change in blasts. Differential
counts of peripheral white blood cells did not show significant changes. No toxicity was encountered.
The apparent lack of clinical efficacy may be explained by the low plasma levels of sodium
butyrate due to its short half-life in vivo. In comparison, concentrations reported for in vitro

studies were at least 10 times higher.

INTRODUCTION

THE coNCEPT that cancer may be regarded as a
disease of differentiation has recently evolved, and
is supported by the observation that many trans-
formed cells retain the potential to respond to
differentiation signals [1, 2]. A variety of relatively
simple chemical compounds can induce murine
erythroleukemia cells as well as other transformed
cell lines to differentiate with the loss of proliferative
capacity and the expression of differentiated charac-
teristics [3, 4]. Agents that induce transformed cells
to undergo differentiation to non-dividing stages
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without oncogenic properties may be an alternative
to the use of cytotoxic drugs.

Among the agents capable of inducing terminal
cell division and expression of differentiated charac-
teristics is sodium butyrate [5] which is a physiolog-
ically occurring compound. Since it has been shown
that sodium butyrate induces globin gene expression
and differentiation in Friend erythroleukemia cells
[6], numerous in vitro studies of this polar, 4-carbon,
fatty acid were conducted. Recently, notable effects
of sodium butyrate were described in murinc
erythroid leukemia cells [7], Ehrlich ascites tumor
cells [8], mouse neuroblastoma cells [7] HeLa cells
(10}, rat hepatoma cells [I1], embryonic lung
fibroblasts [12], as well as various human cell lines,
namely, leukemia K562 cells [13], promyelocytic
leukemia cells [14], hairy cells [15], colorectal can-
cer cells [16], retinoblastoma cells [17], pancreatic
carcinoma cells [18, 19], hepatoma cells [20] and
uterine cervical cancer cells [21].
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Several authors have encompassed the potential
clinical relevance of sodium butyrate as a differen-
tiation inducer [4, 12, 13, 17], although it is not
possible to predict which transformed cell line is
blocked in a stage of differentiation susceptible to
inducer-mediated effects [4]. In readily obtainable
cells from patients with leukemia, it has been dem-
onstrated that sodium butyrate effectively inhibits
[®*H]thymidine incorporation and induces cell dam-
age in vitro [22]. Furthermore, parenteral adminis-
tration of butyrate to a child with acute myelogenous
leukemia in relapse and refractory to conventional
therapy resulted in a partial remission [22].

The present study extended the administration
of sodium butyrate to nine adult patients with acute
leukemia by a clinical pharmacologic investigation.
The need for pharmacologic measurements in
clinical trials is demonstrated.

MATERIALS AND METHODS

Materials

Sodium butyrate was purchased from Merck
(Darmstadt, F.R.G.). It was dissolved in water for
injection and sterilized by filtration through 0.2 pm
filters (Millipore, Bedford, MA). The solution for
i.v. infusion was sterile, non-pyrogenic and isotonic,
contained 16.5 g/l of sodium butyrate and had a pH
of 7.56. For laboratory use, 1-'*C-labeled sodium
butyrate with a specific activity of 13.4 mCi/mmol
was purchased from New England Nuclear (Boston,
MA). Potassium bicarbonate was obtained from
Sigma Chem. Comp. (St. Louis, MO). Dicy-
clohexyl-18-crown-6 and 2,4'-dibromoacetophe-
none were from Merck-Schuchardt (Hohenbrunn,
F.R.G.). Laboratory water and organic solvents
were HPL grade (LiChrosolv from Merck).

Patients and treatment

Nine patients were entered into the study after
obtaining their informed consent. The diagnoses
included acute myeloid (z = 1), acute monocytic
(n = 1), acute myelo-monocytic (r = 6) and acute
undifferentiated (» = 1) leukemias. Two male and
seven female patients were treated. The median age
was 52 (range, 27-78) years. Six of the nine patients
were pretreated with cytostatic agents. Sodium
butyrate was administered as continuous 1i.v.
infusion over 10 days. The dosage was 500 mg/kg/
day, equivalent to 30 ml/kg/day of the isotonic
solution. The median daily infusion volume was 2.4
(range, 1.75-3.0) L.

Samples

Peripheral blood counts of red and white cells
including blood smears were obtained daily. Bone
marrow cytology was evaluated before and after

treatment. Further daily analyses included hemato-
crit, blood clotting, glucose, serum proteins, biliru-
bin, liver enzymes, electrolytes, creatinine and blood
urea nitrogen. Blood gases and pH were monitored
twice daily. For statistical evaluation of the data,
the Wilcoxon signed rank test was used (a = 0.05).

Blood samples for the pharmacological investi-
gation were drawn from a separate i.v. catheter into
heparinized tubes. Samples were processed on ice,
centrifuged at 1000 g for 10 min in a cooled centri-
fuge and the plasma removed. Plasma concen-
trations of sodium butyrate were measured daily
during continuous infusion as well as 2, 5, 10, 20,
30 min and 1, 2, 3, 4, 6, 9, 12, 24 and 48 hr after
infusion. The excretion of sodium butyrate in urine
was analyzed daily during trcatment and for 2 days
thereafter.

Protein binding was measured in plasma of three
healthy volunteers at concentrations of 10, 50
and100 uM of sodium butyrate. Ultrafiltration was
carried out as described below.

High-performance liquid chromatography (HPLC)

Plasma and urine concentrations of sodium buty-
rate were measured by HPLC. Radioactive sodium
butyrate was used as internal standard.

One milliliter of plasma was ultrafiltered through
YMT membranes in a micropartition system
(Amicon Corp., Danvers, MA) for 45 min at
2000 g. To 300 pl of the ultrafiltrate, 10 pl of 1 M
potassium bicarbonate were added. The sample
was evaporated under a stream of nitrogen. The
dry residue was dissolved in 100 pl reaction mixture
and 400 pl of acetonitrile. The reaction mixture
[23] consisted of 0.2M 24’-dibromoaceto-
phenone : 0.2 M dicyclohexyl-18-crown-6 20 : 1
(v :v). The reaction took place at 80°C for 30 min
in a shaking water bath. After centrifugation (5 min,
1000 g), 10 pl of the clear sample were directly
injected onto a pBondapak C18 column (10 pm
particle size, 3.9 X 300 mm) from Millipore/
Waters Chromatography (Milford, MA). The
mobile phase consisted of water : acetonitrile
55 : 45 (v:v), and the flow-rate was 2 ml/min.

To 1 ml of urine, 200 pl of 1 M hydrochloric
acid and 3 ml of chloroform were added in a capped
extraction tube. The sample was vigorously mixed
for 5 min and centrifuged at 1000 g for 10 min.
The organic phase was transferred to another
capped tube containing 1 ml of water and 30 wl of
1 M potassium hydroxide (final pH, 7.5). After
mixing (5 min) and centrifugation (10 min,
1000 g), the aqueous phase was cvaporated under
a stream of nitrogen. The dry residue was reacted
with dibromoacctophenone as above. Afterwards,
10 pl of the sample were injected onto a Resolve
C18 column (5 pm particle size, 3.9 X 150 mm)
from Millipore/Waters. The solvent was water :
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Fig. 1. HPLC chromatogram of patieni plasma taken on day 2 of
continuous i.v. infusion of sodium butyrate (SB, derivatized sodium
butyrate; concentration, 50.4 nM).

acetonitrile 65:35 (v:v) at a flow-rate of 2 ml/
min.

The high-pressure liquid chromatograph con-
sisted of an M6000 pump, a U6K manual injector,
and an M730 integrator from Millipore/Waters. A
variable UV detector (Spectroflow 773 from Kratos
Inc., Westwood, NJ) set to 254 nm was used. At
the retention time of sodium butyrate, the eluant
(4 ml) from the HPLC column was collected into
vials containing 10 ml of scintillation cocktail
(Unisolve 100 from Zinsser Analytic, Frankfurt,
F.R.G.), and counted for **C in an L$2800 counter
from Beckman Instr. Inc. (Fullerton, CA). All
samples were analyzed in duplicate.

RESULTS

Chromatography

A reported procedure [23] was adapted to deri-
vatize butyrate in plasma and urine. Separation of
the resulting bromophenacyl ester was achieved by
isocratic, reversed-phase HPLC thereby allowing
sensitive and reproducible measurements. The
lower limits of detection were 2 and 5 pM in plasma
and urine, respectively. Standard curves were linear
from 2 to 200 and from 5 to 500 uM for plasma
and urine, respectively. Radioactive sodium buty-
rate with high specific activity was a suitable inter-
nal standard. The recovery rates of the above
methods were 87 and 63%, and the interassay
coefficients of variation (six assays in 6 months)
were 3.7 and 6.9% for plasma and urine, respect-
ively. High performance liquid chromatograms of
patient plasma and urine are shown in Figs 1 and

2.
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Fig. 2. HPLC chromatogram of patient urine collected on day 2 of
treatment with sodium butyrate (SB, derivatized sodium butyrate. concen-
tration 40.5 pM).

100} DURING / AFTER INFUSION
= SOJ
2
z
=
—
b s
>3
=
z
w
o
3
S 101
54
———r T ————— -
612346567809 1% 6 12 U L8
{days) / {hours]
TIME

Fig. 3. Plasma concentrations (means; bars, $.D.) of sodium butyrate in
nine patiens before (day 0), during (days 1~10) and after (0—48 hr)

continuous i.v, infusion.

Pharmacology

In all patient samples, sodium butyrate was
measurable. Protein binding accounted for 9.1% of
total sodium butyrate in plasma. Figure 3 shows
the total plasma concentrations observed before,
during and after infusion. The pretreatment level of
sodium butyrate was 8.0 + 2.1 pM (mean * S.D.).
On the first day of treatment, the concentration rose
to 48.8 = 13.5 wM. Thereafter, a shght increase in
concentrations was found until day 10.

During continuous i.v. infusion, mean concen-
trations ranged from 39 to 59 uM with an overall
mean of 48 = 6.1 wM. The area under the concen-
tration vs. time curve (AUC) of the exogenous
sodium butyrate was 384 = 50 wM Xday. After the
end of infusion, concentrations declined rapidly
with a half-life of 6.1 * 1.4 min. The pretreatment
level was reached within 1 hr after the end of
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Fig. 4. Urinary excretion of butyrate in nine patients before (day 0),
during (days 1-10) and after (2 days) continuous infusion (means of
excreted daily amount; bars, $.D.).

infusion. The total clearance rate was calculated as
83 + 12 ml/kg/min. The volume of distribution
amounted to 738 £ 245 ml/kg. The excretion of
butyrate into the urine was measured daily as shown
in Fig. 4. About 0.21 £ 0.04°/,, of the infused
sodium butyrate were excreted.

Activity

Total leukocytes, erythrocytes, thrombocytes and
hematocrit did not change significantly during
treatment. Peripheral counts of promyelocytes,
myelocytes, metamyelocytes, bands, polymorpho-
nuclear neutrophils, basophils, eosinophils, mono-
cytes and lymphocytes did not reveal significant
changes. A significant (P < 0.05) increase in circu-
lating blast cells was observed, whereas bone mar-
row cytology did not show a significant change in
blasts. A slight (marginally significant, P = 0.05)
increase in serum bilirubin and decrease in serum
potassium occurred. All other laboratory tests men-
tioned in Materials and Methods did not reveal
significant perturbations. The blood pH was not
altered significantly. No side-effects, specifically no
hypotension, nausea or weight loss, were encounter-

ed.

DISCUSSION

Based on the known effects of sodium butyrate in
vitro [5~21] and the case report on 5-year-old boy
with acute myelogenous leukemia [22], we have
investigated the in vivo pharmacology by administer-
ing sodium butyrate to nine adult patients with
acute leukemia. For long-term exposure, a continu-
ous infusion regimen was chosen. The dosage
(500 mg/kg/day) and the treatment duration (10
days) were the same as reported by Novogrodsky ef
al. [22].

The derivatization procedure for fatty acids
reported by Durst et al. [23] was applied successfully
to react butyrate in human samples. When a crown
cther is used as catalyst, strictly anhydrous con-

ditions are not necessary [24]. The resulting phen-
acyl esters absorb UV light at 254 nm [25], and
can be separated by liquid chromatography (Figs 1
and 2).

During continuous infusion, plasma concen-
trations of sodium butyrate reached 39-59 wM.
Thus, an increase of about 6-fold over the endogen-
ous level was achieved (Fig. 3). It seems important
to note, however, that the levels known to induce
differentiation in vitro range from 500 uM to milli-
molar concentrations [7-22]. The AUC of the
exogenous butyrate observed in the present study
was small, the volume of distribution large, and the
half-life after discontinuation of infusion very short.
Although the excretion of butyrate into the urine
rose up to 10-fold over the pretreatment value
(Fig. 4), this route of elimination is negligible as
compared to the total infused amount. Nevertheless,
the human organism exerts a high total clearance
rate for the exogenous butyrate. Although excretion
by other organs was not ruled out, these obser-
vations suggest that butyrate is readily metabolized.
Thus, doses of 500 mg/kg/day X 10 were not suf-
ficient to sustain in vive concentrations of sodium
butyrate that have been demonstrated to induce
differentiation in vitro.

Novogrodsky ¢t al. reported on a butyrate-induced
partial remission of acute myelogenous leukemia
in a child [22]. The parenteral administration of
butyrate resulted in an elimination of myeloblasts
from the peripheral blood, an increase in mature
myeloid cells, and a reduction of bone marrow
myeloblasts. In the present study, the same treat-
ment regimen was used as by Novogrodsky et al. No
significiant clinical activity of sodium butyrate was
observed in nine adult patients with acute leukemia.
Peripheral blasts cven increased, wherecas bone
marrow cytology did not show a significant change.
The apparent lack of efficacy may be explained by
our pharamcological results, specifically the sub-
optimal plasma conentrations of sodium butyrate.

In vitro effects of butyrate are dose-dependent
[22]. Since no overt clinical toxicity was encoun-
tered, dose escalation seems warranted. In further
clinical trials, either larger infusion volumes or
hyperosmolar solutions could be used. The median
daily infusion volume in the present study was 2.4 1.
Therefore, the infusion of hyperosmolar solutions
via a central i,v. catheter maybe the better alterna-
tive. However, it appears questionable whether a
10-fold increase over present plasma levels is poss-
ible in order to reach the minimum effective concen-
tration of in vitro studies (500 pM). A further option
might be to develoip active butyrate analogs that
are not as rapidly metabolized as the endogenous
compound.
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