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Abstract Differentiating agents, including butyrate, phenylacetate and several other agents, have long 
been known to alter abnormal or transformed cell lines in vitro to a more normal state including pheno- 
type and function. The effect depends on prolonged exposure to a minimum concentration of the agent. 
In vivo studies of butyrate and analogues have been limited, largely due to rapid in vivo metabolism. 
A butyrate prodrug, the triglyceride tributyrin, shows great promise in achieving effective and pro- 
longed serum levels when given orally to mice and rats, and has been recommended for human trial. 
In vitro, butyrate and its mono- and triglyceride have shown potent synergy with retinoic acid, suggest- 
ing a ten-fold reduction in serum level requirements. Other butyrate prodrugs have been prepared and 
studied; several sugar esters of butyrate show promise. 

Phenylacetate, a normal mammalian metabolite, is also a potent differentiating agent, but its clinical 
use is limited by its objectionable odor per se and in treated subjects. Phenylbutyrate, a prodrug of 
phenylacetate, is more acceptable and may have greater promise. 

The availability of effective prodrugs of effective differentiating agents, such as tributyrin and phenyl- 
butyrate, creates many opportunities for possible therapeutic and chemopreventive applications, espe- 
cially if synergy in vivo can be demonstrated with retinoids (e.g., retinoic acid) or deltanoids (e.g., active 
vitamin D analogues), confirming in vitro studies. Particular disease targets would include certain 
leukemias, thalassemia, and sickle cell anemia. 0 1995 Wiley-Liss, Inc. 
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It has been known for some years that con- 
tinuous exposure to butyric acid salts, particu- 
larly the sodium salt, acts in vitro on many ab- 
normal or transformed cell lines to cause these 
cells to change to a more normal state, including 
phenotype and function [l-51. Building upon 
these original observations in neoplastic cell pop- 
ulations, further studies have established that 
butyrate also produces physiologic maturational 
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effects in non-cancerous cells, promoting erythro- 
poiesis and differentiation of keratinocytes [6-91. 
The concentration of butyrate required to achieve 
differentiation effects in leukemia cells and solid 
tumor lines is in the range of 0.3 mM or higher. 
In contrast, desirable changes in globin synthesis 
in the aberrant blood cells of sickle cell anemia 
and thalassemia can be obtained in vitro at lower 
concentrations of about 0.05 mM [7,81. 

Clinical trials of butyrate salts in leukemia pa- 
tients have generally been unsuccessful. An early 
attempt at using intravenous infusions of sodium 
butyrate at 500 mg/kg body weight per day for 
several days produced only a short-lived remis- 
sion in a child with leukemia [lo]. A larger study 
using the same infusion rate showed no clinical 
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response; however, it also demonstrated that the 
infused butyrate had a very short metabolic half- 
life of about 6 min, resulting in peak blood levels 
below 0.05 mM [ll]. These levels are considered 
ineffective to treat leukemia. Higher rates of in- 
travenous infusion could not be considered be- 
cause of the risk of toxicity from sodium over- 
load. In contrast, a recent study used the argi- 
nine salt of butyrate to avoid sodium overload 
and achieved success in treating thalassemia and 
sickle cell anemia patients by continuous intrave- 
nous infusions of 500 mg/kg per day or higher 
for several days [12]. Blood levels of butyrate in 
these studies also did not exceed 0.05 mM, and 
the butyrate was apparently rapidly metabolized. 

Butyrate is a normal metabolite supplied to 
mammals from two main sources. It is produced 
in the colon as a major product of bacterial fer- 
mentation of unabsorbed carbohydrate, reaching 
concentrations of up to 20 mM in the colon and 
feces of many animals and man [13]. Butyric acid 
is also present at low levels in many fruits and 
vegetables, but its richest source is from milk fat 
(butter, etc.), which contains 3 4 %  butyrate in a 
complex of glycerides or esters of glycerol [141. 
Butyryl triglyceride (tributyrin, or glyceryl tribut- 
yrate) is a candidate prodrug for butyrate that 
could be administered orally. Tributyrin has not 
been assessed in tumor-bearing animals, but 
when used at a concentration of 5% in the feed 
of our laboratory mice to prevent chemically in- 
duced colon cancer, it was ineffective [15]; never- 
theless, it lacked the cancer promoting effect that 
the sodium salt of butyrate had produced in 
equivalent intake 1161. Apparently, the high so- 
dium intake acted as a cancer promoter and the 
butyrate was metabolized too rapidly to be an 
effective preventive [151. 

PHARMACOKINETIC PROBLEMS 
OF BUTYRATE 

Butyrate levels must be continuously elevated 
to achieve the desired differentiation effects on 
cancer cell lines or defective red blood cell pre- 
cursors in sickle cell anemia or thalassemia pa- 
tients. In vitro, this apparently requires about 
0.05 mM for the desired red blood cell changes 
[7,8], and a minimum of 0.3 mM, but preferably 
1-5 mM, for leukemic cells [51 and colon cancer 
cells 14/17]. Presumably similar butyrate concen- 

trations would be required in plasma to be effec- 
tive in vivo. 

In the original anecdotal study in one child 
with previously treated acute rnyelogenous leu- 
kemia, 500 mg/kg per day of butyrate as the 
sodium salt was infused intravenously daily for 
10 days, producing a transient partial remission 
of the disease; however, no plasma butyrate 
measurements were made and repeat courses of 
butyrate therapy were not attempted [lo]. In a 
later careful study, Miller 1111 used a similar 
dose and route of administration in adult leuke- 
mia patients who failed to respond clinically. 
Miller also noted that butyrate concentrations 
20.5 mM were required to induce differentiation 
of leukemic cells in nitro; however, in the patient 
population studied, the drug infusion produced 
a maximum plasma butyrate concentration of 
only 0.05 mM. This study also established that 
plasma clearance of infused butyrate is extremely 
rapid, with a single phase half-life of 6 min. 
Miller et al. [ll] attributed the lack of clinical re- 
sponse to the rapid clearance of butyrate. Appar- 
ently they were constrained from using a higher 
dose and rate of administration because of con- 
cern over possible sodium overload. A similar 
very short plasma half-life has also been observ- 
ed in laboratory animals given butyrate ion with 
intravenously administered sodium butyrate [18]. 

Arginine, a basic amino acid, was formulated 
as a butyrate salt to eliminate the use of the so- 
dium ion and safely permit higher doses and 
rates of infusion of the butyrate ion [la]. Perrine 
1121 reported successful treatment of thalassemia 
and sickle cell anemia patients by continuous in- 
travenous infusions of 500 mg/kg per day, and 
even higher doses for several days in a few 
cases. However, blood levels of butyrate did not 
exceed 0.05 mM, and it was apparently rapidly 
metabolized, similar to the sodium salt [ll]. 

TR I B UTY RI N , G LY CE RY L TR I B UTY RATE 

More than 95% of fatty acids are found in 
foods as triglycerides rather than as free fatty 
acids, suggesting that butyrate could be fed in 
this form rather than as sodium or amino acid 
salts. Triglycerides are relatively inert, and re- 
duce the problem of tissue irritation and toxicity 
from ingesting large amounts of ionized free 
fatty acids. The need to ingest large quantities of 
damaging cations such as sodium is also avoid- 
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ed. Furthermore, 1 mole of tributyrin supplies 
3 moles of butyrate. Our early pilot experiment 
examined the butyrate levels achieved following 
oral tributyrin administration. Sprague-Dawley 
rats weighing about 300 g were treated with 1 ml 
of tributyrin (3 ml/kg body weight) by gavage 
following an overnight fast. This produced a 
plasma butyrate level of 0.34 mM at 0.5 hr, with 
a subsequent decline to the basal level at 4 hr; 
the estimated plasma half-life of butyrate follow- 
ing tributyrin administration was 40 min. Studies 
by Yuan et al. [191 sponsored by the National 
Cancer Institute at the University of Maryland in 
larger groups of mice and rats have confirmed 
and extended these pilot data (shown in Table I). 

These data in mice and rats suggest that far 
higher and more prolonged plasma levels of bu- 
tyrate can be achieved with oral dosing than by 
the limited effects of intravenous sodium or argi- 
nine salts of butyrate. The oral route is also more 
convenient and far lower in cost, and suitable for 
ambulatory subjects. Our pilot study [20] and the 
more extensive study of Yuan et al. [19] in ro- 
dents measured the plasma butyrate as butyrate 
ion. Increased and prolonged plasma levels of 
butyrate after oral administration may be due to 
one or more causes: slow, prolonged hydrolysis 
and absorption of the oral bolus; absorption of 
partial hydrolysis products of tributyrin (mono- 
and dibutyrins), which are slowly hydrolyzed in 
blood to butyrate ion; or absorption of tributyrin 
itself, which may be feasible due to its compara- 
tively low molecular weight (302 Da), low viscos- 
ity and lipophilicity. Conjugation of butyrate as 
any of the glyceride ester forms does not appear 
to reduce, and may even enhance, its pharmaco- 
dynamic activity. 

Monobutyrin has been equivalent in differen- 
tiation activity with sodium butyrate in some cell 
lines, and only slightly less in others [21,22]. In 
a recent report, Chen and Breitman [23] demon- 
strated equivalent activity of monobutyrin with 
sodium butyrate in differentiation of HL-60 hu- 
man myeloid leukemia cells and murine erythro- 
leukemia cells. However, tributyrin was 4-fold 
more active on a molar basis, equivalent to 1.3 
times more active on a molecular equivalent ba- 
sis. 

The dosage of tributyrin given orally to hu- 
mans to achieve effective and prolonged plasma 
butyrate levels is as yet unknown. If it is as- 
sumed that the required human dose is about 

one-tenth that of the rat on a mg/kg body 
weight basis based on the ten-fold difference in 
metabolic rates of the two species, then the dos- 
age range falls into a range of acceptability based 
on several previous human and animal studies 
with tributyrin, especially if synergy with retin- 
oic acid occurs in vivo, as shown in vitro for leu- 
kemia cells [231. 

Practical problems with tributyrin are mini- 
mal. It is high purity and commercially available 
at low cost. However, it has a mild, lingering 
odor and a bitter taste. These problems have 
been readily solved at the National Cancer Insti- 
tute by formulating the liquid tributyrin in soft 
gelatin capsules; the gelatin acts as an effective 
odor and taste barrier, is easy to swallow, and 
rapidly releases the tributyrin in the stomach. 

SYNERGY OF 
BUTYRATES WITH OTHER AGENTS 

Vitamin D Metabolites 

The active metabolite of vitamin D (1,25-dihy- 
droxyvitamin D3)/ along with some related syn- 
thetic analogues, have enhanced butyrate differ- 
entiation of HT-29 human colonic carcinoma cells 
in vitro [24,25]. 

Retinoic Acid 

Chen and Breitman [231 have demonstrated a 
remarkable ten-fold mutual synergy of butyrate 
and retinoic acid on differentiation of human 
myeloid leukemia HL-60 cells in vitro. The com- 
bination readily achieved differentiation, with a 
butyrate level of about 0.05 M and a retinoic acid 
level of about 25 nM, levels which should theo- 
retically be achieved with moderate oral doses of 
tributyrin and retinoic acid. However, this con- 
cept remains to be tested in vim. If verified in 
vivo, a synergistic combination of retinoic acid 
and tributyrin could become a powerful tool for 
treatment and control of leukemias and possibly 
other tumors. 

OTHER BUTYRATE DERIVATIVES 

n-Butyramide, an extensively water soluble 
molecule, has only about 4% of sodium buty- 
rate's activity in cell culture systems [21]. Iso- 
butyramide has been reported to have a long 
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* TB=tributyrin, NaB=sodium butyrate. Adapted from [19]. 

plasma half-life (7-10 hr) in humans after a sin- 
gle oral dose of 115, 150 or 300 mg/kg; these 
doses produced no demonstrable toxicity [261. It 
appears to be a promising agent for clinical tri- 
als; however, details of effective concentrations 
needed in the in vitro model systems are lacking. 
Nevertheless, the authors predict that the re- 
quired plasma level for stimulating fetal hemo- 
globin production would be 0.3 mM, which 
could apparently be readily achieved with two to 
three doses daily of 115-150 mg/kg per day [26]. 

A series of butyric monosaccharide esters have 
induced differentiation in three immortalized cell 
lines and two carcinoma cell lines derived from 
human breast tissue in vitro, and also induced 
antitumor activity in nude mice inoculated with 
Crocker 180TG sarcoma cells [27,28]. These esters 
rapidly diffuse in tissue and exhibit low toxicity 
in mice and rats. Two of these, the monobutyrate 
esters at either the 3 or 6 hydroxy position of 
1,2-monoacetone glucose, are excreted 100-300 
times more slowly than butyrate salts [29]. This 
report also studies seven butyric esters with 
varying degrees of hydroxyl esterification of 

glucose or acetone glucose, as well as pharmaco- 
kinetic studies in rabbits [29]. Using butyrate 
esters of sugar products appears to be very pro- 
mising for development of longer acting, active 
butyrate-type antitumor differentiating agents. 

A large series of butyrate derivatives has been 
developed in Israel, designed as prodrugs to re- 
lease butyrate in vivo at a controlled rate to im- 
prove biologic activity as anticancer agents [30]. 
Most promising is pivayloxymethyl butyrate; its 
activity stems from hydrolytically released bu- 
tyric acid. When tested as an antitumor agent in 
mice, pivalyloxymethyl butyrate increased survi- 
val and inhibited development of metastatic lung 
tumor foci when implanted with LL2 or 3LLD122 
Lewis lung carcinoma cells [30]. This compound 
has displayed antitumor activity in the B16FD 
melanoma primary cancer model and decreased 
the tumor burden in mice inoculated with the 
highly metastatic B16F10.9 cell line [31]. Al- 
though low acute toxicity is claimed for this 
compound (LD,, = 1.36 g/kg body weight), theo- 
retical concerns with the potential release of a 
mole of formaldehyde with each mole of buty- 
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Disease 

rate released on hydrolysis has limited the clini- 
cal use of some antibiotics using similar pivalyl- 
oxymethyl substitutions (pivampicillin, pivcefal- 
esin and amdinocillin yivoxil). However, the po- 
tential benefit in life-threatening cancer situations 
might largely offset the risk involved. Further 
studies are needed to establish the utility of this 
approach. 

Agent Data Reference 

PHENYLACETATE 

Leukemias 

Leukemias 

Phenylacetic acid, or phenylacetate, is a pro- 
duct of phenylalanine metabolism normally pre- 
sent in mammalian circulation [32]. It is also pro- 
duced by the microbial flora of the large bowel 
and appears in feces and urine. It is excreted in 
the urine, largely as phenylacetylgutamine. Over 
the past two decades, phenylacetic acid and its 
prodrug, phenylbutyric acid, have been admin- 
istered to children suffering from hyperammone- 
mia due to inborn errors of urea synthesis [33, 
341, and to patients with hyperammonemia re- 
sulting from chemotherapy for leukemia 1351, or 
portal systemic encephalography [361. 

Preclinical studies indicate that phenylacetate 
modifies the biology of various hematopoietic 
and solid tumors in vitro, including prostatic car- 

Butyrates in vitro, in uivo 20 

Butyrates plus 
Retinoic acid in vitro 23 

cinoma and glioblastoma [22,371. This effect is 
produced when phenylacetate is present in con- 
centrations over 2 mM for a minimum of two 
weeks [22,37-391. A recent report of a Phase I 
and pharmacokinetic study of intravenous 
phenylacetate in patients with cancer achieved 
stable phenylacetate serum concentrations of 
200-300 mg/ml, (about 1.5-2.2 mM) for 2 weeks 
and also showed clinical improvement in a few 
of the patients 1401. The dose-limiting toxic effect 
of phenylacetic acid administration was revers- 
ible for central nervous system dysfunction. 

A significant practical problem with clinical 
use of phenylacetate is its strong objectionable 
odor, similar to a horse stable. This odor is char- 
acteristic of the oral dosage forms and appears in 
patients as well. Phenylbutyrate has been an ef- 
fective prodrug as a biochemical precursor of 
phenylacetate [411. Phenylbutyrate is far more 
acceptable in terms of odor, and is considered 
more practical for clinical use than phenylacetate. 

p Thalassemia 

p Thalassemia 

OPPORTUNITIES FOR BUTYRATE 
AND PHENYLACETATE 

Phenylacetate in vitro 40 

Phenylacetate in vitro 40 

Many in vitvo studies indicate potent differen- 
tiation activity and concomitant cell proliferation 

Neuroblastoma 

Colon cancer 

Phenylacetate in vitro 42 

But yra te in vitro 43 

Leukemias Phenylacetate in vitro 22/35-37 

Leukemias Phenylacetate in vitro 

Breast cancer Butyrate in vivo (rat) 

p Thalassemia Butyrate in vim (human) 

I Sickle cell anemia I Phenylacetate [ in vivo(human) I 12 
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induction of butyrate and related compounds in 
cancer cell lines [l-5,22,32-391. The current de- 
velopment of tributyrin as an oral ly adminis- 
tered agent to achieve more elevated and pro- 
longed plasma butyrate levels, as well as evi- 
dence of strong synergy with retinoic acid 1231, 
indicates potential for clinical, therapeutic, and 
possible chemopreventive applications in high- 
risk subjects. In similar fashion, phenylacetate 
and its prodrug phenylbutyrate offer equal op- 
portunities for clinical development. Some of 
these opportunities are shown in Table 11. The 
majority of these are solely based on in nitro data 
at this time, but a few studies in vivo in rats and 
humans suggest that with successful plasma lev- 
els of butyrate (from oral tributyrin), or phenyl- 
acetate (per  se, or from phenylbutyrate), perhaps 
combined with retinoic acid or an active form or 
analogue of 1,25-dihydroxyvitamin D,, may be 
very useful clinical tools. 

In summary, the differentiation effects of bu- 
tyrate, its derivatives and analogues, has prompt- 
ed research interest, particularly for use in treat- 
ing thalassemia, sickle cell anemia and certain 
leukemias. The aim of that research is to develop 
safe reliable methods of achieving effective blood 
levels without excessive modulation by rapid 
metabolism. Success could result in powerful 
tools for the treatment and control of several 
diseases. 
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