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Abstract

High levels of fetal hemoglobin (Hb F) protect from many of the complications of sickle cell 

disease and lead to improved survival. Butyrate and other short chain fatty acids were previously 

shown to increase Hb F production in erythroid cells in vitro and in animal models in vivo. 

However, butyrates are also known to inhibit the proliferation of many cell types, including 

erythroid cells. Experience with the use of butyrate in animal models and in early clinical trials 

demonstrated that the Hb F response may be lost after prolonged administration of high doses of 

butyrate. We hypothesized that this loss of response may be a result of the antiproliferative effects 

of butyrate. We designed a regimen consisting of intermittent or pulse therapy in which butyrate 

was administered for 4 days followed by 10 to 24 days with no drug exposure. This pulse regimen 

induced fetal globin gene expression in 9 of 11 patients. The mean Hb F in this group increased 

from 7.2% to 21.0% (P < .002) after intermittent butyrate therapy for a mean duration of 29.9 

weeks. This was associated with a parallel increase in the number of F cells and F reticulocytes. 

The total hemoglobin levels also increased from a mean of 7.8 g/dL to a mean of 8.8 g/dL (P < .

006). The increased levels of Hb F were sustained in all responders, including 1 patient who has 

been on pulse butyrate therapy for more than 28 months. This regimen, which resulted in a marked 

and sustained increase in Hb F levels in more than two thirds of the adult sickle cell patients 

enrolled in this study, was well tolerated without adverse side effects. These encouraging results 

require confirmation along with an appropriate evaluation of clinical outcomes in a larger number 

of patients with sickle cell disease.

Sickle cell disease was first described as a distinct clinical entity in the early part of this 

century. Identification of its etiology as a single amino acid substitution of the β-globin 

chain of the hemoglobin molecule marked the beginning of the era of molecular medicine.1,2 
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Numerous investigations followed to elucidate the physico-chemical properties of sickle 

hemoglobin, and attempts were made to develop agents that would alter the mutant molecule 

to decrease red blood cell sickling in vivo.2–4 However, these approaches did not lead to the 

development of effective therapies that impacted on the course of the disease. It was also 

recognized early on that the disease does not become clinically manifest until fetal 

hemoglobin (Hb F) production is developmentally suppressed during infancy.1,2,5,6 When 

Hb F was added to sickle hemoglobin in vitro at concentrations exceeding 20%, 

polymerization of sickle hemoglobin was inhibited.2,5,7 Such high concentrations of Hb F 

were also noted to ameliorate the clinical complications of sickle cell disease in vivo.2,4–13 

The large study of the natural history of this disease known as the Cooperative Study of 

Sickle Cell Disease (CSSCD) demonstrated that smaller increments in Hb F have some 

ameliorating effects on the clinical manifestations of the disease and that levels greater than 

9% could prevent its early mortality.13 These observations were largely responsible for the 

shift of therapeutic emphasis to strategies to increase the level of Hb F in vivo in patients 

with sickle cell disease.

Initial efforts to stimulate Hb F production in sickle cell disease used S-phase–specific 

chemotherapeutic agents such as 5-azacytidine and hydroxyurea.2,14–25 The Multicenter 

Study of Hydroxyurea (MSH), a recently completed randomized, placebo-controlled, 

multicenter clinical trial demonstrated a significant reduction in the incidence of vaso-

occlusive crises and acute chest syndrome in patients who received hydroxyurea.22 The Hb 

F levels increased in approximately half the adult subjects who received the drug from a 

mean of 5.1% to a mean of 8.6%.23 Although mean Hb F levels of 15% to 18% have been 

achieved in children with sickle cell disease, such levels were achieved only in about 25% of 

adult subjects receiving the same therapy in the MSH.23–27 Because of the modest increases 

in Hb F levels that were seen in adult patients treated with hydroxyurea and because of 

lingering concerns about potentially serious side effects of chronic administration of 

chemotherapeutic agents, development of safe and effective inducers of fetal globin gene 

expression has been encouraged.26

Reports from several laboratories had demonstrated that butyrate and other short chain fatty 

acids can selectively stimulate embryonic or fetal globin gene expression in a variety of 

experimental systems.28–36 Butyrate was shown to increase the expression of the embryonic 

ρ-globin gene in adult chickens. However, this activation of the embryonic ρ-globin gene 

required pretreatment with 5-azacytidine.37 In utero infusions of butyrate were later shown 

to delay the developmental switch from γ- to β-globin gene expression in sheep fetuses.29 

Other studies demonstrated that butyrate can induce γ-globin gene expression in adult 

baboons and increase the expression of the human γ-globin gene in transgenic mice.31,32 

Transfection experiments also showed that butyrate and other short chain fatty acids 

selectively stimulate the activity of the human γ-globin gene promoter in reporter 

assays.33,35 These laboratory observations provided a rational basis for the clinical studies of 

butyrate that followed.

A short-term safety trial of arginine butyrate in 6 patients with β-globin disorders 

demonstrated induction of γ-globin mRNA, γ-globin chain synthesis, and F reticulocytes in 

all 6 patients after 2 to 3 weeks of therapy.38 A hematologic response consisting of more 
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than 4 g/dL increase in total hemoglobin was seen in 1 patient homozygous for Hb Lepore 

who received extended, lower-dose therapy for 7 weeks.38 In a second 10-week study by 

Sher et al,39 arginine butyrate was administered to 5 patients with sickle cell disease and 5 

patients with β-thalassemia at high doses (2,000 mg/kg/d) by continuous infusion (24 h/d, 6 

d/wk). Increases in Hb F levels were observed in three of the 5 patients with sickle cell 

disease, with the mean Hb F increasing from 5.1% at baseline to a peak of 9.6%.39 In other 

studies, sodium 4-phenylbutyrate was also shown to increase Hb F in one third of sickle cell 

patients and total hemoglobin in 4 of 8 nontransfused patients with β-thalas-semia.40,41

In addition to the activation of fetal globin gene expression, butyrates are also known to 

induce growth arrest in the G1 phase of the cell cycle.42–46 Two studies in baboons 

demonstrated that continuous administration of high doses of butyrate (1,000 mg/kg) or 

prolonged administration of one of its metabolites, acetate, can result in loss of initial Hb F 

responses.47,48 In addition, our own experience with butyrate described in this report and the 

published experience of Sher et al39 demonstrated that the initial Hb F response to butyrate 

may be lost after extended periods of continuous therapy in patients with sickle cell disease. 

We hypothesized that the decrease in the high levels of Hb F after butyrate therapy may be a 

result of cumulative antiproliferative effects. Thus, we designed and evaluated an alternate 

regimen of therapy consisting of pulsed administration of butyrate to avoid inhibition of 

growth of erythroid cells from prolonged exposure to butyrate. More than two thirds of the 

adult patients with sickle cell disease that were enrolled on this regimen demonstrated a 

marked and sustained activation of Hb F production.

MATERIALS AND METHODS

Patients and treatment

Fifteen patients with sickle cell disease were enrolled in our butyrate studies, 6 on a pilot 

weekly regimen, and 11 on the pulse regimen. Two of the patients were initially enrolled on 

the weekly regimen and later re-enrolled on the pulse regimen. There were 6 male and 9 

female patients with an age range of 17 to 55 years. These studies were approved by the 

Food and Drug Administration and by the Institutional Review Boards of the Mount Sinai 

School of Medicine and the Boston University School of Medicine (Boston, MA). Informed 

consent was provided according to the Declaration of Helsinki. Only patients with moderate 

to severe sickle cell disease, defined by three or more hospitalizations per year for sickling 

complications, were eligible for enrollment in these studies. None of the patients was on a 

chronic transfusion regimen during the 3 months preceding enrollment. The diagnosis of 

homozygous sickle cell disease was confirmed in all patients by hemoglobin electrophoresis 

on cellulose acetate. In the 1 patient with sickle β°-thalassemia, the diagnosis was confirmed 

by molecular analysis.

Arginine butyrate was prepared as a sterile, nonpyrogenic 5% or 10% solution. The drug 

was first infused through a central venous line over 8 to 12 hours at rates of 22 to 45 

mg/kg/h, usually at night. If no side effects occurred, the infusion rate was increased 

gradually to 65 to 75 mg/kg/h. Patients who were enrolled on the weekly regimen were 

infused with arginine butyrate 5 nights per week in escalating doses that ranged from 166 to 

666 mg of butyric acid/kg/d. The mean duration of therapy in patients enrolled in the weekly 
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regimen was 15 weeks (range, 3 to 72 weeks). The patients who were enrolled on the pulse 

regimen received arginine butyrate infusions for 6 to 12 h/d to deliver between 250 and 500 

mg/kg/d, with a usual maintenance dose of 500 mg/d. The drug was administered for 4 days, 

followed by 10 to 24 days with no drug exposure before the next cycle of treatment. The 

mean duration of therapy in the 11 patients enrolled on the pulse regimen was 30 weeks 

(range, 7 to 112 weeks). All patients enrolled on either regimens received ferrous sulfate 

(300 mg/d) on the days of butyrate infusions and 1 mg/d of folic acid for the duration of the 

study. Chemistry panels, complete blood counts, and reticulocyte counts were monitored at 

least once weekly during the week of butyrate therapy. Serum ferritin levels were 

determined at least once monthly during enrollment in this study.

Analysis of F reticulocytes and Hb F levels

The proportions of reticulocytes and mature erythrocytes that contained Hb F (F 

reticulocytes and F cells) were determined as previously described.19,38 Hb F levels in 

peripheral blood samples were quantified by electrophoresis on cellulose acetate, followed 

by scanning densitometry, because our experience and that of others10 showed that this 

method significantly underestimates high Hb F levels in the range achieved in this study. 

However, when the Hb F levels were less than 5%, the alkali denaturation method was used 

to confirm the densitometric data.

RESULTS

The first 6 patients that were enrolled in this study received butyrate infusions on a weekly 

basis. The Hb F levels increased in 3 of the 6 patients (Fig 1). The Hb F response of a very 

informative patient from this group who was enrolled in the weekly regimen over a period of 

16 months is presented in detail in Fig 2. Within the first 4 months of butyrate therapy, the 

Hb F increased from 3.5% to 23%. The total Hb level increased in parallel with the Hb F 

level during therapy from 7.5 to 10 g/dL. The patient elected to withdraw from the study at 

that time and her Hb F level began to decrease. She requested re-enrollment in the study 2 

months later and her Hb F level increased again while on butyrate to levels above 20%. 

However, while on weekly therapy (except for a 2-week interruption during the holidays), 

her Hb F levels gradually decreased to levels that were only slightly higher than her 

baseline.

The loss of the Hb F response during weekly therapy in this patient and the reported loss of 

responses in sickle cell patients studied by Sher et al39 were similar to the loss of Hb F 

response seen in baboons after high-dose and prolonged administration of butyrate.47,48 This 

suggested the possibility that cumulative toxicity resulting from continuous exposure to 

butyrate may be responsible for this loss of response. A pulse regimen that was designed to 

allow recovery from the antiproliferative effects of butyrate was investigated in 11 patients. 

The characteristics of these patients and their responses are summarized in Table 1. The Hb 

F levels of the 11 patients enrolled on this regimen increased from a mean of 7.2% at 

baseline to a mean of 21.0% during therapy (P = .002, paired t-test; Fig 3). The details of the 

Hb F response to butyrate in 3 of the 9 responsive patients are shown in Fig 4. Interestingly, 

the 2 patients who did not respond to butyrate had baseline Hb F levels less than 2%, 
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whereas all 9 responders had baseline Hb F levels of 2% or more. The same was true of the 

patients who were enrolled on the weekly therapy as shown in Fig 1. The F reticulocytes 

levels increased from a mean of 14.0% before therapy to a mean of 26.2% during therapy (P 

= .003, paired t-test). The F cells also increased from a mean of 27.5% before therapy to a 

mean of 42.5% during therapy (P = .0004, paired t-test). There was a very significant 

correlation between the baseline Hb F levels and the peak Hb F levels during therapy (r = .

87 with P = .002). An equally strong correlation was found between baseline and peak F 

cells (r = .93 with P < .0001) and F reticulocyte. The Hb level increased in approximately 

half of the patients from a mean of 7.8 g/dL before therapy to a mean of 8.8 g/dL during 

therapy (P = .006, paired t-test). However, there was no correlation between the baseline and 

the peak Hb levels achieved during therapy (r = .49 with P = .12). The absence of an 

increase of the total Hb levels in some patients may be related to partial inhibition of the 

proliferation of their erythroid progenitors in vivo. The initial HbF responses and the total 

hemoglobin responses were maintained after prolonged administration in all patients who 

received pulse butyrate. In 1 patient, the Hb F levels have been maintained in the 20% range 

for more than 28 months. Interestingly, of the 5 patients who failed to respond to the weekly 

or the intermittent regimen, 3 received hydroxyurea either before or after the completion of 

the butyrate study. All 3 had excellent Hb F responses to hydroxyurea, as shown in Fig 5.

No symptoms attributed to arginine butyrate were observed at infusion rates of 65 to 75 

mg/kg/h at the 500 mg/kg/d dose administered in this study. Antiemetics were usually not 

required, and some patients reported an increase, rather than a decrease, in their appetite 

while receiving the drug. No laboratory abnormalities were noted after frequent monitoring 

of liver function tests, serum creatinine levels, electrolyte levels, and coagulation assays. 

Blood urea nitrogen (BUN) levels were frequently elevated during the infusions, presumably 

due to the metabolic conversion of arginine to urea. These high BUN levels always 

decreased within a few hours of completing the infusions. No significant changes were seen 

in the white blood cell (WBC) counts, platelet counts, mean corpuscular volume (MCV), 

mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration 

(MCHC) during the course of butyrate therapy. No adverse side effects were observed in 

greater than 230 patient-weeks of observation. Interestingly, despite iron supplementation, 

the serum ferritin levels did not increase in any patient, whereas a decrease was seen in some 

patients.

DISCUSSION

A number of clinical and experimental observations support the hypothesis that high levels 

of Hb F can reduce sickling and ameliorate the clinical severity of sickle cell disease.2,4–13 

The observations that patients from the eastern provinces of Saudi Arabia and southern India 

with levels of Hb F greater than 20% generally have a very mild clinical course provided a 

compelling justification for therapeutic attempts to increase Hb F in adult life.8–11 This was 

further supported by extensive data collected from the multicenter CSSCD that showed a 

clinical benefit associated with any increase in Hb F with no threshold level that had to be 

exceeded before these benefits are realized.13 Nonetheless, the complete amelioration of 

sickling complications may require levels of Hb F in excess of 20%.12 The MSH represents 

a landmark clinical trial that demonstrated, for the first time, the clinical efficacy of an agent 

Atweh et al. Page 5

Blood. Author manuscript; available in PMC 2014 December 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



that stimulates Hb F production in patients with sickle cell disease.22 Yet, the mean increase 

in Hb F in the adult subject was only 4%.23 Even more surprisingly, there was no direct 

correlation between the Hb F responses and the clinical benefits in the patients who received 

hydroxyurea.49 These findings suggest that hydroxyurea may have additional beneficial 

effects that are not related to Hb F induction.23,49–51

Study of newborn infants born to diabetic mothers demonstrated that high plasma levels of 

α-amino-n-butyric acid during gestation can be associated with a delay in the switch from 

fetal to adult hemoglobin production.52 The Hb F inducing activity of butyrate was first 

demonstrated in a short-term, 2-week dose-evaluation trial of arginine butyrate in patients 

with hemoglobin disorders.38 However, a subsequent 10-week trial in which patients 

received high doses of butyrate for 24 h/d, 6 d/wk (with no iron supplementation) showed a 

significant but nonsustained increase in fetal hemoglobin in 3 of 5 patients with sickle cell 

disease.39 We also observed a decrease in Hb F levels after several months of weekly 

butyrate administration (at a much lower dose) in the patient whose course is shown in Fig 

2. This decrease in Hb F after prolonged exposure to butyrate, considered in the context of 

the well-known growth-inhibitory activity of butyrate, suggested that an intermittent dosing 

schedule may prevent toxicity and allow more proliferation of the erythroid cells in which 

Hb F is induced. Thus, a pulse-dosing regimen in which butyrate was administered for 4 

days followed by a variable period of no drug exposure was designed and tested. In addition, 

because some prior studies had suggested that pharmacologic induction of Hb F may be 

enhanced by iron supplements,20,21 we elected to administer ferrous sulfate to all patients on 

the days of butyrate infusion. Even though the majority of patients responded to this 

regimen, we cannot be certain that iron was necessary for this response, because this study 

was not designed to answer this question.

It is of interest to note that all 5 patients who did not respond to weekly or pulse butyrate in 

our studies had low baseline Hb F levels (<2%), whereas all 11 responders had higher 

baseline Hb F levels (≥2%). This striking correlation between baseline Hb F and response to 

butyrate suggests that induction of γ-globin expression by butyrate may require the fetal 

globin genes to be in a partially active or accessible state at the time of exposure to butyrate. 

This is consistent with experimental findings in chicken in which the induction of embryonic 

globin genes required prior exposure to 5-azacytidine.37 Butyrate and related compounds are 

believed to stimulate Hb F production at least in part by inhibition of histone deacetylase.53 

Histone deacetylases have recently been shown to be recruited to specific DNA sequences 

by binding to transcription complexes through their interaction with transcriptional 

coactivators and corepressors.54,55 Thus, it is tempting to speculate that the butyrate effect 

requires transcriptionally active fetal globin genes whose regulatory elements are occupied 

by transcription factors. These transcription factors may be responsible for recruiting histone 

deacetylase and modulating the chromatin that surrounds the fetal globin genes. Such a 

mechanism may also account for the specificity of the enhancing effect of butyrate on fetal 

globin gene expression.

If these correlations between baseline Hb F and response are confirmed, the baseline Hb F 

levels may serve as a convenient predictor of response to butyrate therapy. The mean level 

of Hb F in patients enrolled in the CSSCD was 6.4%.13 In the MSH study in which 
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enrollment was limited to patients with moderate to severe disease, the mean Hb F level at 

baseline was 5.1%, whereas 75% of patients had a baseline Hb F level greater than 2.5%.23 

These Hb F levels are similar to the Hb F levels of patients enrolled in our study (mean, 

7.1%). Therefore, if the correlation between initial Hb F and response to butyrate is 

confirmed, the two thirds of patients with sickle cell disease who have baseline Hb F levels 

greater than 2% may be responsive to treatment with arginine butyrate. However, these 

predictions require the assessment of butyrate-responsiveness in a much larger number of 

patients.

It should be noted that the aim of our study was to identify an effective dose-regimen of 

arginine butyrate rather than to formally compare two dose regimens. The two groups of 

patients that were enrolled on the weekly or the pulse regimens differed significantly in 

multiple respects. Thus, we cannot conclude that the pulse butyrate regimen is more 

effective in inducing Hb F than the weekly regimen. Interestingly, the 2 patients who were 

treated with both regimens had identical Hb F responses to both. However, a loss of Hb F 

response has not been seen in any patient enrolled on the pulse regimen. In addition, the 

pulse regimen is more acceptable to patients and requires significantly less resources than 

the weekly regimen. Thus, it would be difficult to justify the weekly administration of 

butyrate to sickle cell patients in future clinical studies.

The studies described in this report do not allow us to make statements about the relative 

efficacy of butyrate and hydroxyurea in inducing Hb F levels in patients with sickle cell 

disease. Nonetheless, a few important differences are apparent when the findings of our 

study are compared with those of the MSH and other hydroxyurea studies. First, the Hb F 

responses in patients treated with hydroxyurea usually require several months of treatment 

and in some patients may not peak before 2 years.27 In contrast, some increase in Hb F is 

usually seen within days of exposure to butyrate in the majority of responsive patients, and 

the peak is achieved within a few (3 to 4) months. This rapid response may help avoid long 

courses of unnecessary treatment in butyrate nonresponsive patients if these observations are 

confirmed in larger studies. Second, in the MSH, there was no correlation between the initial 

Hb F level and the response to therapy.23 However, in a recent study of hydroxyurea in 

children with sickle cell disease, a strong correlation was noted between the initial Hb F and 

the magnitude of the Hb F response. Similarly, the response to butyrate correlates with the 

initial Hb F and may require some baseline activity of the fetal globin genes.27 Third, all 

three butyrate nonresponsive patients who received hydroxyurea had excellent Hb F 

responses. This demonstrates that failure to respond to one Hb F inducing agent does not 

necessarily predict failure to respond to another and confirms that the two agents increase 

Hb F by different mechanisms. This also raises the possibility that combination or sequential 

administration of hydroxyurea followed by butyrate may be effective in patients who do not 

achieve a sufficient Hb F response to either agent alone.

We noted a marked decrease in the number of days of hospitalization for sickle cell disease-

related complications during butyrate therapy in the 5 responsive patients who received 

treatment for 6 months or longer. In contrast, no decrease in hospital days was noted in the 2 

patients whose Hb F levels did not increase during therapy. Two responsive patients who 

could not be transfused due to extensive alloantibodies underwent successful total hip 
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replacements while on butyrate without prior transfusions. However, it should be noted that 

the study described in this report was not a randomized, placebo-controlled clinical trial 

designed to assess clinical end-points. Thus, despite the favorable observations noted here, 

definitive conclusions about clinical efficacy should be withheld until an appropriately 

designed larger clinical trial is conducted.

The pulse butyrate regimen in which therapy is limited to 4 days every 4 weeks (that can be 

administered in an outpatient setting) is acceptable to many patients with severe sickle cell 

disease who would otherwise require frequent hospitalizations for complications of sickle 

cell disease. Nonetheless, this regimen still requires prolonged intravenous administration of 

arginine butyrate through a central venous line with all the associated risks, costs, and 

inconvenience. Although home therapy has been used for more than 3 years in selected 

patients with thalassemia, this option is not suitable for all patients. Orally bioavailable 

compounds such as the recently identified fatty acid derivatives have the potential to make a 

significant impact on sickle cell disease.56,57

In summary, the studies described in this report have defined a therapeutic approach that 

results in sustained induction of Hb F to levels that have been demonstrated to result in 

significant amelioration of the clinical complications of sickle cell disease. The marked 

responses that were seen in the patients enrolled in these studies demonstrate that 

developmentally suppressed fetal globin genes can be reactivated to a very significant level 

by butyrate exposure in adult patients with sickle cell disease. These encouraging results 

should be confirmed in a larger study that will also include a prospective evaluation of the 

effects of pulse butyrate therapy on clinical outcome.
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Fig 1. 
A bar graph that shows the initial Hb F levels (▨) and the increment in Hb F during therapy 

(■) in the 6 patients enrolled on the weekly butyrate regimen.
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Fig 2. 
Bar graph illustrating the Hb F response in a patient receiving weekly butyrate therapy. Each 

vertical bar represents the average of approximately eight determinations of hemoglobin F 

per month. The periods of butyrate therapy are depicted as solid horizontal bars below the 

vertical bar graph and the periods of interruption of therapy are depicted as open horizontal 

bars.
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Fig 3. 
A bar graph that shows the initial Hb F levels (▨) and the increment in Hb F during therapy 

(■) in the 11 patients enrolled on the pulse butyrate regimen.
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Fig 4. 
Detailed representation of the Hb F responses to pulse butyrate therapy in 3 adult patients 

with sickle cell disease. Each bar represents the average of two fetal hemoglobin levels 

obtained during the week of therapy.
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Fig 5. 
A bar graph that shows the initial Hb F levels (▨) and the increment in Hb F during therapy 

(■) in the 3 butyrate nonresponsive patients who were treated with hydroxyurea either 

before or after the end of their butyrate therapy.
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