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Fetal Hemoglobin in Starvation Ketosis of Young Women

By Achim Peters, Dagmar Rohloff, Thomas Kohlmann, Florian Renner, Gunther Jantschek,
Wolfgang Kerner, and Horst Lorenz Fehm

Ketones can reactivate the production of fetal hemoglobin
(HbF) in vitro and in vivo. A reactivation of HbF by ketones,
which are generated during starvation, remains largely specu-
lative. Therefore, we investigated HbF in 31 women with
anorexia nervosa or bulimia, using both of these as models
of intermittent starvation ketosis. For comparison, we also
studied 42 female control subjects matched for age.
B-Hydroxybutyrate levels were higher in patients than in
controls (460 * 90 v 110 * 20 pmol/L; P < .0001). We
correlated B-hydroxybutyrate, metabolic, and hematologic
parameters with HbF. HbF was measured with high pressure
liquid chromatography. The data were analyzed with logistic

observed four times as often in patients than in controls
(29% v 7%, P = .01). After adjustment for age, we found HbF
elevations associated with B-hydroxybutyrate levels (P =
.005). No other correlations between the various metabolic/
hematologic parameters and HbF were significant. In conclu-
sion, B-hydroxybutyrate generated in starvation is associ-
ated with increased levels of HbF. Thus, unrestrained lipolysis
can produce B-hydroxybutyrate in sufficient quantities to
induce a clinically measurable amount of HbF. These findings
suggest that intermittent ketosis might also explain some
increases of HbF in type 1 diabetes and pregnancy.
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regression analysis. An elevated HbF fraction (>0.87%) was

N BOTH STARVATION and poorly controlled type 1 (HPLC) method according to Jeppsson et®aThe chromatographic
diabetes, low insulin levels result in augmented lipolysis System consisted of a 4000 autosampler, an L-6200 intelligent pump, an
and ketogenesis. Ketones, administered in pharmacologic doses2025 column heater, and an L-4250 UV-VIS detector (all from E.
can reactivate the production of fetal hemoglobin (HaEy,) Merck, Darmstadt, Germany). System controlling and calculations were

in adult patient¢:2 During early childhood, the level of HbF performed with the D-7000-HPLC-Manager software (Merck). Kation-

exchange chromatography was performed with a Mono-S-HR 5/5
0,

normally decreases to less than 1% ,Of the tOtf”ll Hb. Howe\,/ercolumn (Kabi Pharmacia Diagnostics, Uppsala, Sweden). The HbF
increased levels of HbF are found in adult life not only in

- : _ ) - intra-assay CV was 0.1%, and the corresponding interassay CV was
several inherited, egp-thalassemia, but also in acquired 189 at an HbF level of 2.1%. Because HbF continues to decrease
disorders, eg, type 1 diabet&s,and in pregnancy.lt is  throughout adult lifé and study subjects were in part adolescents, the
unknown whether ketones, which are generated from unrereference interval for adults was not valid for our study population.
strained lipolysis in the hypoinsulinemic state, could accountTherefore, we defined an elevated HbF fraction as a value above the
for a clinically measurable increase in HbF. Therefore, we95% percentile of the control group (HBF0.87%). HbAL was also
investigated HbF in young women with anorexia nervosa ormeasured with this HPLC method (normal range, 4.2% to 6.8%).

bulimia, using both of these as models of intermittent starvation Other reference intervals for our laboratory were essentially equal to
Ketosi 56',7 those listed by Laposata.

Statistical analysis. The results are means SEM. A sample size of
30 and 40 subjects in the experimental and control group, respectively,
can detect a difference of 20% in proportion of subjects with elevated
Subjects. Thirty-one women suffering from anorexia nervosa or HbF with a power of 0.80d = 0'05.)' To test dn‘ferences_ of va_rlables
etween the groups, the Mann-Whitney U test was applied. Differences

bulimia and 42 female control subjects matched for age were studie{ ; th ber of subiects with levated HbF vred
(Table 1). The patients with anorexia nervosa=(10) or bulimia (n= w?tl:Nteth ZtZS?um er of subjects with an elevate were analyze
X .

21) were investigated on the day of hospitalization, before they were ) ) . . .
) g y P y For coping with confounder variables, we applied two strategies: (1)

started on an inpatient program at the Medical University dbeak. o . e . .
P prog y matching in the design phase and (2) statistical adjustment in the

Diagnoses were made according to DSM-III-R critéri€ontrol sis ph 5 th iabl found diff ti
subjects were chosen from among students attending a school nalysis phase. Because more than one variable was found ditierent in
the two groups, we used a multivariate analysis for adjustment.

economics. Age was 2% 1 years (meant SEM) in both groups fructi 4 validati ltivariat del of the effects of
(range, 18 to 34 years in the patients and 15 to 39 years in the controq:Ons fucting and valldating a multivariate model ot the efiects o

subjects). None of the study subjects had a history of diabetes me“ituscovarlates on outcome represents an attempt to remove much or most of

acute blood loss within the last 8 weeks, present pregnancy, cancer, 6be effects of covariates from the observed resdfto avoid possible
hematologic disease, as these are conditions that might affect the
production of HbP. None of the study subjects reported past or present
alcohol or drug abuse. The control subjects had no history or current From the Medical Clinic 1, the Institute for Social Medicine, the
symptoms of eating disorders. Before inclusion in the study, everylnstitut for Clinical Chemistry, and the Medical Clinic 2, Medical
person signed a consent form which had been approved by the locdlniversity of Libeck, Libeck, Germany; and the Department of
ethics commission (for patients18 years of age, her parents would Diabetes and Metabolic Disorders, Klinikum Karlsburg, Karlsburg,
sign). Germany.

Analytical methods. Blood samples were drawn after a 12-hour  Submitted June 10, 1997; accepted September 9, 1997.
overnight fast for measurements@hydroxybutyrate, HbF, and other Address reprint requests to Achim Peters, MD, Medical Clinic 1,
metabolic and hematologic parameters. Sefihydroxybutyrate was  Medical University L'beck, Ratzeburger Allee 160, D-23538bkgk,
measured with a photometric method using a digital photometer 6114 $Sermany.
(Eppendorf Netheler Hinz, Hamburg, Germany). Téaydroxybuty- The publication costs of this article were defrayed in part by page
rate intra-assay coefficient of variation (CV) was 2.1%, and thecharge payment. This article must therefore be hereby marked “adver-
corresponding interassay CV was 2.2% (Sigma Diagnostics, Deisentisement” in accordance with 18 U.S.C. section 1734 solely to indicate
hofen, Germany). The reference interval for fasting values was 20 tahis fact.
410 pmol/L in our laboratory. © 1998 by The American Society of Hematology.

HbF was measured with the high pressure liquid chromatography 0006-4971/98/9102-0037$3.00/0

MATERIALS AND METHODS

20z aunr g0 uo 1s8nb Aq JpdL69/0¥6 | i L/L69/2/16/1Pd-8loNE/POO|q/ U SUONEDlaNdySE//:dNY WOy papeojumod

Blood, Vol 91, No 2 (January 15), 1998: pp 691-694 691


https://crossmark.crossref.org/dialog/?doi=10.1182/blood.V91.2.691&domain=pdf&date_stamp=1998-01-15

692

Table 1. Clinical Characteristics of Study Patients With Anorexia

or Bulimia and Healthy Controls

PETERS ET AL

bilirubin, aspartate aminotransferase, lactate dehydrogenase,
haptoglobin, potassium, and group (patients/controls). The

Anorexia/ latter variable “group (patients/controls)” summarizes the ef-
Scu"brlgc‘i[s S:t'l';:'é fects of variables that could have accounted for differences in
Clinical Characteristics (n = 42) (n=31) HbF between patients and controls but have not explicitly been
defined in the present study. The effect of this group-variable
Age (yr) 24.8 = 0.85 25.0 £ 0.87 L . . K oo
Body mass index (kg/m?) 225+ 06 209 + 1.2 was non5|gqlf|cant, mak|_ng a major effect of unidentified
HbAL, (%) 55« 0.1 55+ 0.1 variables unlikely. To confirm the effect @hydroxybutyrate,
Hb (g/L) 136 + 1 138 + 2 we removedB-hydroxybutyrate from an alternate regression
Hematocrit 039 +0.00 042+ 0.01t model (Table 3). In this model, only the effect of the group-
Erythrocyte count (1012/L) 4.4+0.0 4.7 + 0.1t variable (patients/controls) became significaht .02). Thus,
Mean corpuscular volume (fL) 88.6 + 0.5 89.5 + 0.9 from among the variables investigated in this study,
Reticulocyte count (10%/L) 85.5+5.0 88.1 6.4 B-hydroxybutyrate exclusively explained the differences in
Leukocyte count (10°/L) 7903 5.9+ 0.3% HbF elevations between patients and controls.
Platelet count (10%L) 240 *= 10 260 = 10
Iron (umol/L) 8=1 212 DISCUSSION
Ferritin (pg/L) 40 £ 0 50 +1 .
Transferrin (/L) 351+ 007 3.0+ 0.09% Our data show that a modest level of ketonemia, generated
Bilirubin (umol/L) g+1 8+1 from unrestrained lipolysis, is related to an increased synthesis
Aspartate aminotransferase (U/L) 9+1 10+1 of HbF. Specifically, we found a strong association between
Lactate dehydrogenase (U/L) 154 + 4 147 = 6 B-hydroxybutyrate and elevated HbF in young women with
Haptoglobin (g/L) 1.01 +0.05 1.09 = 0.08 starvation ketosis. In several other experimental and clinical
Potassium (mmol/L) 44x07 41x09 conditions, ketones have been shown to induce the HbF
Values are expressed as means = SEM. production. The discovery that butyrate is an inducer of HbF
*p < 05, arose from the observation that the switch from Hbbvyg) to
1P < .005.
$P < .0005. A 600
o N ) ) ) 500 T
violations of distribution assumptions (normality, homoscedastiétty), O
we did not apply linear but rather applied dichotomous logistic § 400
regression analysis to our ddfaBecause HbF continues to decrease 2o
throughout adult life, age was included in the logistic regression mode B —\5
irrespective of statistical significance. The variaBkaydroxybutyrate Q‘ = 300
and additional covariates (hematologic and metabolic abnormalities o 3
were conditionally selected in a forward stepwise procedure (inclusior = 200
criteria, P < .05). Calculations were performed using the SPSS )
statistics program Version 6.0 (SPSS Inc, Chicago, IL). e 100 -L
RESULTS 0
The clinical characteristics of the two groups were not 100%
different as far as age, sex, HbAIHb, mean corpuscular B
volume, reticulocyte count, platelet count, iron, ferritin, biliru- 80%
bin, aspartate aminotransferase, lactate dehydrogenase, hap o 0
globin, and potassium were concerned (Table 1). However =8
B-hydroxybutyrate levels were higher in the patients than in the = 5 60%
controls (460+ 90v 110 = 20 pmol/L,P < .0001; Fig 1A). In % Q
addition, we observed distinct differences in the possible RER § 40%
interfering variables body mass index, leukocyte count, transfer -% 2L 29%,
rin, hematocrit, and erythrocyte count (Table 1). Subjects with » K
an elevated HbF fraction0.87%) were observed four times as 20%
often in patients than in controls (297%, P = .0126; Fig 1B). 7%
HbF andB-hydroxybutyrate levels were associated, as showr 0% .
in the original data plot (Fig 2). We applied multivariate logistic Controls Anorexia/
regression models to assess which variables might explain th Bulimia
differences in HbF between patients and controls (Tables 2 an .
3). Logistic regression of elevated HbF (Table 2) showed aNo. of Patients (N=42) (N=31)

significant age-adjusted effect@fhydroxybutyrate = .005). i )
There was no significant effect of other possible interfering 91 B-Hydroxybutyrate levels (P < .0001; A) and proportions of
g p gsubjects with elevated HbF fraction (>0.87%) (P = .0126; B) in female

CO\_/ariateS: body mass index, Hb, _hematocr_i@, eryth"OCY'E(:-‘Scontrol subjects and in women suffering from anorexia nervosa or
reticulocytes, leukocytes, platelets, iron, ferritin, transferrin, bulimia.
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10 Table 3. Logistic Regression of Elevated HbF Level on Covariates
] (Without B-Hydroxybutyrate)

Independent
Variables

Regression P
Coefficient SE Value

0.0368
1.6752

0.0652 5725
0.7199 .0200

Age (yr)
Group (patients/controls)

In this model, B-hydroxybutyrate has been omitted from the list of
variables for the conditional forward selection. Again, age was
included in the model irrespective of statistical significance. The
nonsignificant variables that were not included in this model using
this selection method were body mass index, Hb, hematocrit, erythro-
cyte, reticulocyte, leukocyte, platelet count, iron, ferritin, transferrin,
bilirubin, aspartate aminotransferase, lactate dehydrogenase, hapto-
globin, and potassium.

HbF-Fraction (%)

erythroid cells, and adult nonhuman primate¥’2° Butyrate
may act through sequences near the transcriptional start site to
stimulate the activity of the humapglobin gene promotet
Because butyrate is known to inhibit the enzyme histone
deacetylas® and to increase the acetylation of histones in other
systems, Perrine et al postulated that this activity could be
involved in the action of butyrate ogglobin expressiof! In
the biochemical pathway of butyrate catabolism, butyrate enters
Hb A (a2B,) is delayed in infants of diabetic mothers. In these mitochondria, where it undergo@soxidation to form acetate in
newborns, elevated plasma concentrations of a labile analogu® molar ratio of 2:1. Both butyrate and acetate, as well as
of butyric acid,a-aminon-butyric acid, were reportetf.Sec-  chemical derivates of these compounds, can induce2MiF.
ond, in vivo and in vitro experiments have confirmed that We do not know yet whether each of these compounds acts
butyrates are potent stimuli of-globin mRNA and protein  directly to induce HbF or whether they are converted to one or
productiont®1? Third, a clinical pilot trial in patients with more metabolic intermediates that subsequently exert their
B-hemoglobinopathies showed that butyrate can increase fetaeffect. Like many conditions resulting in increased HbF in adult
globin production within weeks to levels that can amelioratelife, ketonemia appears to involve an increased erythropoietic
B-globin disorders.Finally, a case has been reported with an drive that results in a higher proportion of erythroid progenitor
induction of HbF in the presence of increased 3-hydroxybutyriccells activating their inherent ability to synthesize low amounts
acid associated witB-ketothiolase deficienc\ This naturalin  of HbF.
vivo experiment indicated that the induction of HbF requires a In addition to ketones, we have considered other possible
sustained presence of high butyrate concentrations. In additioimterfering variables in our calculations that are known to occur
to these various conditions, our findings clearly showed that inn eating disorders, ie, hematologic and metabolic abnormali-
starvation ketosig3-hydroxybutyrate was generated in suffi- ties. Hematologic abnormalities are well recognized in an-
cient large concentrations to stimulate a clinically measurableorexia, and several classes of pancytopenia due to bone marrow
HbF production. hypoplasia and, more rarely, to marrow cell necrosis have been
The mechanism by which butyrate achieves HbF induction isreportec?®26 These changes have been shown to be reversible
unknown. Butyrate stimulates a specific embryopiglobin after body weight was restored. In fact, we found lower
gene in adult chickens through Hlanking sequencé$ and leukocyte counts in the anorexia and bulimia patients. However,
selectively stimulates the-gene in fetal sheep, cultured human no relationship could otherwise be established in our data
between blood cell counts, total Hb, the parameters of the iron
metabolism, hemolysis parameters, and HbF, making an interfer-
ing effect of hematologic abnormalities unlikely. Metabolic
abnormalities included weight loss, hypokalemia, and elevated

0.1

0 500 1000 1500 2000 2500
Hydroxybutyrate (pmol/1)

Fig 2. Scatterplot of HbF and B-hydroxybutyrate levels in female
control subjects (CJ) and in women suffering from anorexia nervosa
(A) or bulimia (H) .

Table 2. Logistic Regression of Elevated HbF Level
on B-Hydroxybutyrate and Covariates

Independent Regression P . - . .
Variables Coefficient SE value liver enzymeg’ Similarly, no relationship could have been
Age (1) 0.0478 0.0661 1693 established between body mass index, aspartate aminotransfer-

ase, serum potassium, and HbF. Thus, we consider it to be
improbable that confounding effects, especially of hematologic
and metabolic abnormalities, could have been the basis of the
observed relationship betwegrhydroxybutyrate and HbF.

Our findings are consistent with those of previous studies on
type 1 diabetes and pregnancy. In type 1 diabetes, ketosis may

B-Hydroxybutyrate (umol/L) 0.0024 0.0009 .0050

Age was included in the model irrespective of statistical signifi-
cance. The variable B-hydroxybutyrate and additional covariates were
conditionally selected in a forward stepwise procedure (inclusion
criteria P < .05). The nonsignificant variables that were not included in
this model using this selection method were body mass index, Hb,

hematocrit, erythrocyte, reticulocyte, leukocyte, platelet count, iron,
ferritin, transferrin, bilirubin, aspartate aminotransferase, lactate dehy-
drogenase, haptoglobin, potassium, and group (patients/controls).

occur as a result of poor metabolic control. It is often caused by
insufficient insulin intake but may result from physical (eg,
infection) or emotional stress, despite continued insulin therapy.
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As a result of hypoinsulinemia, lipolysis is augmented, and 11. Laposata M: The New England Journal of Medicine-SI Unit
acetoacetic and3-hydroxybutyric acids are produced. Our Conversion Guide. Ashford, Kent, UK, Robquest Print Ltd, 1992
results suggest intermittent ketosis as a factor that could account 12. Lavori PW, Louis TA, Bailar JC, Polansky M: Design for
for HbF elevations, as seen in type 1 diabdt®dn pregnancy, experiments—Parallel comparisons of treatment, in Bailar JC Il (ed):
ketosis tends to deve|0p in the presence of “acce|era’[edﬂedical Uses of Statistics (ed 2) Boston, MA, NEJM BOOkS, 1992,
starvation.”® The hormonal and substrate milieu after an P61 _ _ _
overnight 12-hour fast in pregnancy is comparable to that 13- Kleinbaum DG, Kupper LL, Muller KE: Applied Regression
observed after a 36-hour fast in the nongravid state, hence th@halysis and Other Multivariable Methods (ed 2). Boston, MA,
term “accelerated starvation.” Similarly, our results suggestPWS'Ke”t' 1988 ) o .
ketosis as a factor that could account for maternal HbF 14. Hosmer DW Jr, Lemeshow S: Applied Logistic Regression. New
production as seen in pregnancie$o define the possible YO;';’ NPY’ V\,/"ey’sfgé ME. Faller DV: Delay in the fetal alobi
causes of HbF elevations in pregnancy is relevant because of the ™ ~ermne wF, wreene W, Faler Dv. Letay In .e &’ globin
differential diagnosis of transplacental hemorri#gmd be- switch in infants of diabetic mothers. N Engl J Med 312:334, 1985

. L . 16. Perrine SP, Rudolph A, Faller DV, Roman C, Cohen RA, Chen
cause gestational ketonemia imposes a risk on fetal develo% ) S . -
ment3l J, Kan YW: Butyrate infusions in the ovine fetus delay the biologic

. clock for globin gene switching. Proc Natl Acad Sci USA 85:8540, 1988
In conclusion, we have been able to show fBtydroxybu- 17. Constantoulakis P, Knitter G, Stamatoyannopoulos G: On the

tyrate generated in sta.rvat|o.n 1S agsouated with increased Ievelﬁduction of fetal hemoglobin by butyrates: In vivo and in vitro studies
of HbF. Thus, unrestrained lipolysis can prod@eydroxybu-  yith sodium butyrate and comparison of combination treatments with
tyrate in sufficient quantities to induce a clinically measurables._azac and AraC. Blood 74:1963, 1989
amount of HbF. Our findings suggest that, also in type 1 1g. Galanello R, CaoA, Olivieri N: Induction of fetal hemoglobin in
diabetes and pregnancy, intermittent ketosis might stimulatéhe presence of increased 3-hydroxybutyric acid associated with
HbF production. beta-ketothiolase deficiency. N Engl J Med 331:746, 1994
19. Glauber JG, Wandersee NJ, Little JA, Ginder GDFE&nking
sequences mediate butyrate stimulation of embryonic globin gene
expression in adult erythroid cells. Mol Cell Biol 11:4690, 1991
The authors are indebted to W. Jelkmann, PhD (Institute for 50 perrine SP, Miller BA, Faller DV, Cohen RA, Vichinsky EP,
Physiology Medical University, Lheck, Germany), K. Lorentz, MD st b, Lubin BH, Papayannopoulou T: Sodium butyrate enhances
(Institute for Clinical Chemistry, Medical University, "beck, Ger- o5 510hin gene expression in erythroid progenitors of patients with Hb
m_any),' and C. Peters, MD_ (Clinic for Anaesthesmlogy, University of SS and beta thalassemia. Blood 74:454, 1989
Kiel, Kiel, Germany) for their valuable suggestions. 21. Perrine SP, Faller DV, Swerdlow P, Sytkowski AJ, Qin G, Miller
BA, Olivieri NF, Rudolph AM, Kan YW: Pharmacologic prevention and
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