AMCB

Journals.ASM.org

Endogenous Siderophore 2,5-Dihydroxybenzoic Acid Deficiency
Promotes Anemia and Splenic Iron Overload in Mice

Zhuoming Liu, Alieta Ciocea,* L. Devireddy

Case Comprehensive Cancer Center and Department of Pathology, Case Western Reserve University, Cleveland, Ohio, USA

Eukaryotes produce a siderophore-like molecule via a remarkably conserved biosynthetic pathway. 3-OH butyrate dehydroge-
nase (BDH2), a member of the short-chain dehydrogenase (SDR) family of reductases, catalyzes a rate-limiting step in the bio-
genesis of the mammalian siderophore 2,5-dihydroxybenzoic acid (2,5-DHBA). Depletion of the mammalian siderophore by
inhibiting expression of bdh2 results in abnormal accumulation of intracellular iron and mitochondrial iron deficiency in cul-
tured mammalian cells, as well as in yeast cells and zebrafish embryos We disrupted murine bdh2 by homologous recombination
to analyze the effect of bdh2 deletion on erythropoiesis and iron metabolism. bdh2 null mice developed microcytic anemia and
tissue iron overload, especially in the spleen. Exogenous supplementation with 2,5-DHBA alleviates splenic iron overload in
bdh2 null mice. Additionally, bdh2 null mice exhibit reduced serum iron. Although BDH2 has been proposed to oxidize ketone
bodies, we found that BDH2 deficiency did not alter ketone body metabolism in vivo. In sum, our findings demonstrate a key

role for BDH2 in erythropoiesis.

rythroid differentiation of hematopoietic stem cells in verte-

brates occurs sequentially (1, 2). Unlike other blood cells, ma-
ture red blood cells (RBCs) do not have nuclei or organelles. The
majority of genes that are important for regulating early stages of
differentiation in committed progenitors are effectively silenced
during differentiation. In contrast, mechanisms that regulate he-
moglobin synthesis are active during the terminal stages of differ-
entiation, which include components of porphyrin synthesis, glo-
bin production, and iron acquisition and trafficking (3, 4). These
mechanisms ensure that all components are produced stoichio-
metrically to achieve sustainable hemoglobin production. The im-
portance of regulating porphyrins, globins, and iron in heme bio-
genesis is highlighted by the fact that deficiencies in these
components result in hypochromic and microcytic anemia (5).

Mitochondria are the focal point of iron utilization. Thus, a
majority of the iron imported into the cell is utilized in mitochon-
dria for the synthesis of heme and iron-sulfur (Fe-S) clusters.
Most studies to date detail cellular uptake of iron and its balance in
the cell; however, very little is known about intracellular iron
transport pathways. Iron must be shielded and escorted to the sites
of utilization in the cell due to its reactivity (6). In an additional
step, iron must cross both the outer and inner mitochondrial
membranes to the site of heme synthesis, the matrix. Members of
the SLC family facilitate iron import into mitochondria. Most
notable are SLC25A37, also referred to as mitoferrin 1 (Mfrnl),
and SLC25A28, also referred to as mitoferrin 2 (Mfrn2), which are
important for mitochondrial iron import into erythroid and non-
erythroid cells, respectively (7). ABCB10, a member of the ATP-
binding cassette transporter, stabilizes mitoferrin-1 levels in the
developing erythron (8).

Heme is synthesized in a series of steps that take place both
within and outside mitochondria (reviewed in reference 9). Heme
biosynthesis has been extensively studied, and all of the needed
enzymes are expressed at high levels during erythroid differentia-
tion. Adequate levels of iron are required to sustain high levels of
heme production in developing erythrocytes. Iron is delivered to
erythroid precursors via the transferrin (Tf) pathway (4, 5). Iron
taken up by this pathway enters the labile iron pool (LIP), which is
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also referred in the literature as “exchangeable,” “regulatory,” or
“chelatable iron pool” because its identity was established using
metal chelators (10-13). The LIP consists of both Fe?" and Fe**
and represents a minor fraction of total cellular iron (~3 to 5%)
(14). The LIP links cellular iron uptake with iron utilization, stor-
age in proteins, and export (13, 14). Iron within the LIP is thought
to be in steady-state equilibrium and is proposed to bind diverse
low-molecular-weight chelaters, such as organic anions (phos-
phates, citrates, and carboxylates) and polyfunctional ligands
(polypeptides and siderophores). Siderophores (from the Greek,
meaning “iron carriers” or “iron bearers”) are low-molecular-
weight, ferric iron-specific chelating agents that are hyperexcreted
under low-iron conditions by bacteria and fungi (15). Sidero-
phore-like molecules were also described in eukaryotes, but their
identities were unknown (16, 17) until recently (18).

We identified a siderophore-like molecule, 2,5-dihydroxy-
benzoic acid (2,5-DHBA), in eukaryotes that bears remarkable
chemical similarities to the Escherichia coli 2,3-DHBA, a bacterial
siderophore (18, 19). EntA, an NAD™-dependent 2,3-dihydro-
2,3-dihydrobenzoate dehydrogenase, catalyzes the rate-limiting
step in the biosynthesis of 2,3-DHBA. Elimination of EntA com-
pletely abolishes the synthesis of 2,3-DHBA (20). BDH2 is a func-
tional homologue of bacterial EntA in eukaryotes that catalyzes an
enzymatic reaction leading to the synthesis of 2,5-DHBA. The
NAD™-dependent oxidation of 2,3-diDHBA to 2,3-DHBA re-
quires the catalytic site located in exon 7 (18). A mutation, Tyr144
to Phel44, within the predicted active site completely abrogates
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the enzymatic activity of BDH2 (18). Collectively, these results
indicate that BDH2 is a functional homologue of bacterial EntA.

In cultured cells, yeast (Saccharomyces cerevisiae), and develop-
ing zebrafish embryos, silencing of bdh2, which leads to sidero-
phore depletion, results in abnormal accumulation of intracellu-
lar iron and heme deficiency (18). The absence of heme in
siderophore-depleted cells, yeast, and zebrafish embryos suggests
that the siderophore may facilitate mitochondrial iron uptake,
although additional mechanisms may exist. Thus, these results
suggest that the siderophore is an important regulator of cellular
iron metabolism and participates in iron trafficking (18). An al-
ternative to chaperone or siderophore-mediated iron delivery to
the mitochondria has been proposed for the developing erythron
(21). According to this model, iron is delivered directly into the
mitochondria upon contact with Tf-containing endosomes and
mitochondria, popularly referred to as the “kiss-and-run” hy-
pothesis (21). This model is based on kinetic and colocalization
studies, and consequently the cellular mediators that facilitate this
process are unknown.

In the present study, we produced mice lacking exon 7 of the
bdh2 gene by classic homologous recombination to determine the
consequences of siderophore depletion on iron metabolism in
vivo. Homozygous mice are viable, fertile, and produce offspring
atthe expected Mendelian frequency. However, these mice display
iron overload, especially in the spleen, which dissipates over time.
The iron overload is exacerbated when the mice are placed on an
iron-rich diet, which leads to premature mortality. Contrary to
the suggestion that BDH2 plays a role in ketone body metabolism,
we found that bdh2 null mice display unaltered ketone body levels
in either a fasted or fed state. The creation of bdh2 null mice has
facilitated probing the role of BDH2 in ketone body oxidation as
well as in iron handling.

MATERIALS AND METHODS

Derivation, analysis, and maintenance of bdh2 null mice. Derivation of
bdh2 null mice is described elsewhere (22). All animal protocols were
approved by the Institutional Animal Care and Use Committee of Case
Western Reserve University. bdh2 null mice were maintained on a
129Svim] genetic background. All experiments were performed using
age- and gender-matched control mice. Unless indicated, animals were
maintained on a standard laboratory diet (Prolab RMH3000 containing
0.02% [wt/wt] iron; LabDiet).

Iron diet studies. Adult mice (8 to 10 weeks old) were placed on a
low-iron diet (TD.80396, containing 0.0006% [wt/wt] iron and 0.001%
[wt/wt] ethoxyquin) or high-iron diet (TD.08496, containing 2% [wt/wt]
carbonyl iron and 0.001% [wt/wt] ethoxyquin). Both diets were custom
formulated by Harlan-Teklad (Madison, WI). Mice were kept on iron-
manipulated diets for indicated periods of time.

Metabolite measurements in plasma. Plasma samples from wild type
(wt) and bdh2 null mice were analyzed for p-B-OH butyric acid and ace-
toacetate at the Marshfield Labs (Marshfield, WI).

Hematological parameters. Heparinized blood was obtained by
retro-orbital or tail vein phlebotomy. Red blood cell (RBC) count, hemo-
globin, hematocrit, and mean corpuscular volume were determined using
a Hemavet machine (Drew Scientific). Wright-Giemsa (Dade Behring)-
stained peripheral blood smears were photographed using an Olympus
microscope with a 100X oil immersion lens.

Serum and iron measurements. Whole blood was collected by termi-
nal bleeding. Nonhemolyzed serum was collected and analyzed for total
iron and transferrin saturation using a serum iron/total iron-binding ca-
pacity (TIBC) kit from Sigma as per the manufacturer’s instructions.
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Hematofluorometry. Whole blood from wt and bdh2 null mice was
collected and checked for clots. Blood cells were separated from plasma by
centrifugation at 800 X g for 5 min at 4°C. Plasma was removed, and the
cell pellet was washed three times with phosphate-buffered saline (PBS) to
remove interfering pigments. Washed RBCs were then resuspended in
PBS, and the whole-blood Zn protoporphyrin/heme (ZnPP/H) ratio was
determined using a hematofluorometer as described previously (23).

Quantification of heme biosynthesis. (i) Labeling of apo-Tf. We la-
beled Tf by following the procedure described in references 7 and 24.
Briefly, >FeCl, was mixed with 0.1 M nitrilotriacetic acid (NTA) to fully
chelate iron. The >>Fe-NTA mixture was incubated with apo-transferrin
(apo-Tf) (Sigma) until the solution turned pink. We purified the **Fe-Tf
over PD-10 desalting columns (Pharmacia) and determined the concen-
tration of >*Fe-Tf in the eluted material by spectrometry at A,q,. The
specific activity of >>Fe-Tf was determined by the formula specific activ-
ity = total cpm/pmol of estimated apo-Tf from A, readings. This pro-
cedure typically yields ~10° cpm/pmol of Tf.

(ii) Derivation of immortalized hematopoietic cells. bdh2 null em-
bryonic stem (ES) cells were obtained from Case Western Reserve Uni-
versity Transgenic and Targeting Core Facility and cultivated using ES-
Cult maintenance kit from Stem Cell Technologies (Vancouver, BC,
Canada). ES cells were differentiated in vitro to form hematopoietic pro-
genitors using the ES-Cult hematopoietic progenitor kit from Stem Cell
Technologies as per the manufacturer’s instructions. Erythroid colonies
were identified as per the guidelines set forth by the manufacturer. Disag-
gregated erythroid colonies were immortalized by cocultivation with ir-
radiated NIH 3T3 TLX1 producer cells in an infection medium (Iscove’s
modified Dulbecco’s medium [IMDM] plus 15% fetal bovine serum
[FBS], 100 U/ml penicillin-streptomycin, 2 mM glutamine, 10 ng/ml in-
terleukin-3 [IL-3], 2 ng/ml IL-6, 5 ng/ml IL-11, 50 ng/ml c-kit ligand) for
5 days (25).

(iii) Labeling of cells with **Fe-Tf. Cells growing in suspension were
collected and metabolically labeled with >>Fe-Tf and 0.2 mM 5-aminole-
vulinic acid (ALA) (Sigma). Briefly, cells were starved of iron by culturing
in serum free IMDM for 1 h at 37°C. Cells were washed and recultured in
IMDM containing 10% dialyzed FBS (Invitrogen), 0.2 mM ALA, and 2.5
M >°Fe-Tf for an additional 8 h at 37°C (also see reference 7). Labeled
cells were washed with PBS and lysed in a mixture containing 25 mM
HEPES (pH 7.8), 1% Triton X-100, and 1% sodium deoxycholate.
Genomic DNA was sheared by repeated passage through a 25-gauge nee-
dle fitted onto a 1-ml syringe. The cell lysate was then centrifuged at
10,000 rpm at 4°C, and the supernatant was transferred into a fresh tube.
A portion of the lysate (~10 pl) was used to determine the total iron
concentration. Heme was then extracted by mixing equal amounts of
lysate with ethyl acetate and acetic acid mixture, and the organic phase was
extracted. Radioactivity in the extracted phase was then determined by
liquid scintillation. Nonheme iron was calculated as the difference be-
tween total cellular iron and heme iron.

Iron uptake measurements in reticulocytes. Reticulocytosis was in-
duced in wtand bdh2 null mice by serial phlebotomy on days 0 and 3. Mice
were terminally bled on day 7, and the whole blood was collected into
heparinized tubes. After 3 washes with ice-cold PBS, reticulocytes (as
judged by new methylene blue staining) were counted in a hemocytome-
ter. Cells were resuspended in Hanks’ balanced salt solution (HBSS) con-
taining 1% bovine serum albumin (BSA). For iron uptake experiments,
reticulocytes were incubated with 3.75 M **Fe-Tf for 0 min and 30 min.
Zero-time samples were obtained by adding ice-cold **Fe-Tf to reticulo-
cytes incubated on ice. Total iron and heme iron concentrations were
determined as described above.

Tissue iron measurements. Nonheme iron in parenchymal tissues
was determined in a colorimetric assay as described previously (18, 26).
Briefly, 50 mg of dried tissue was incubated with acid buffer at 65°C for 48
h. The supernatants were collected by centrifugation at 10,000 X g for 5
min and treated with iron detection reagent, and the change in absorbance
was measured at 560 nm. A standard curve was determined using a solu-
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tion containing increasing amounts of iron (Fluka). Tissue iron content
was determined by comparing the absorbance values against an iron stan-
dard.

AA spectroscopy. Iron content in parenchymal tissues was deter-
mined by atomic absorption (AA) spectroscopy. Briefly, 50 mg of dried
tissue was incubated in acid digestion buffer (37% HCI, 3% trichloro-
acetic acid) at 65°C for 18 h. Acid-treated samples were then diluted with
iron-free water. Samples were analyzed by flame atomic absorption spec-
troscopy to determine the iron ion concentration. A standard curve was
determined using a solution containing increasing amounts of iron
(Fluka). Tissue iron content was determined by comparing the absor-
bance values against an iron standard.

Mitochondrial enzyme assays. Mitochondria were isolated from 3-
and 14-month-old female mouse liver homogenates by differential cen-
trifugation as described in reference 27. The protein concentration was
determined by the Bradford method (Bio-Rad). The suspension was
stored frozen at —80°C. Mitochondrial aconitase (mAco) was determined
as previously described (18) using an extinction coefficient of 1.8 mM ™'
cm !, Citrate synthase activity was assayed as previously described (18)
using an extinction coefficient of 6.8 mM ™' cm ™.

Determination of SDH levels in mouse sera. Serum samples were
obtained by phlebotomy of the saphenous vein. Sorbitol dehydrogenase
(SDH) levels in serum samples from mice placed on normal chow and a
high-iron diet were determined using an enzyme-linked immunosorbent
assay (ELISA) kit from Mybiosource following the manufacturer’s in-
structions. Values are presented in units/liter.

Cell culture. 293T cells (ATCC) were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum, 100 U/ml penicillin, and 100 pg/ml streptomycin. 293T cells
were transfected with Lipofectamine (Invitrogen) as per the manufac-
turer’s protocol.

Immunoblot analysis. Minced liver and spleen samples from wt and
bdh2 null mice were homogenized in cold PBS and pelleted at 1,000 X g,
and the protein concentration in the supernatant was determined using
the bicinchoninic acid (BCA) protein assay kit (Pierce). As a positive
control for the experiments, we also analyzed lysates from 293T cells
transfected with pCMV6 containing the c-Myc-tagged full-length mouse
FPNI cDNA (Origene). Samples were mixed with SDS-Laemmli buffer
without heating, and proteins were electrophoretically separated along
with molecular weight standards (Invitrogen) on discontinuous SDS-
PAGE gels. The protein was transferred onto a nitrocellulose membrane
(Bio-Rad). The blot was probed with an antiferroportin antibody (Alpha
Diagnostics). The blot was stripped and reprobed with antiactin antibody
(Sigma) to verify equal loading.

Histological procedures. Liver and spleen samples were fixed in 10%
buffered formalin and embedded in paraffin. Deparaffinized tissue sec-
tions were stained with the Perls Prussian blue stain for nonheme iron.
Nonheme iron stains blue. Hematoxylin and eosin (H&E) staining was
performed using a kit from Sigma as per the manufacturer’s procedure.

RNA isolation and gene expression analysis. Total RNA was isolated
from liver samples by the TRIzol method (Invitrogen). DNase I (Pro-
mega)-treated RNA was reverse transcribed using Superscript III reverse
transcriptase (RT) from Invitrogen as per the manufacturer’s recommen-
dations. The resulting cDNAs were used for real-time PCR analysis using
SYBR green master mix (Promega) following the manufacturer’s recom-
mendations. The fold change was calculated by the cycle threshold
(AAC;) method.

Statistical analysis. Statistical analysis was performed using JMP sta-
tistical software. Data are represented as means * standard deviations
(SD). Two-tailed Student’s ¢ test was applied for comparisons of two
groups, and Welch’s correction was applied for unequal variance. One-
way analysis of variance followed by the Tukey honestly significant differ-
ence (HSD) was applied for multiple comparisons. Survival was evaluated
by the Kaplan-Meier log rank test. For all tests, a P value <0.05 was
considered significant.
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RESULTS

Targeted disruption of the murine bdh2 gene. Our previous
studies indicated that BDH2 catalyzes the biogenesis of 2,5-
DHBA, a component of the mammalian siderophore. Depletion
of 2,5-DHBA alters intracellular iron homeostasis and results in
mitochondrial iron deficiency in cultured cells, yeast, and devel-
oping zebrafish embryos (18). This study indicated the need to
study BDH2 in iron homeostasis under normal physiological con-
ditions and in disease through the creation of genetically altered
mice. Therefore, mice were generated that lack BDH2 by standard
genetic manipulation. The catalytic activity of BDH2 depends on
the NPG motif encoded in exon 7 (18, 28). Additionally, amino
acid sequences encoded by exon 7 of bdh2 form a helix that is
located at a dimer interface within the tetramer (Fig. 1B) (28);
removal of these helices prevents proper dimer/tetramer forma-
tion. In addition, this helical stretch contains 3 amino acids that
form the active site: Tyr147 and Lys151 residues, which are critical
for interaction with NAD™ cofactor, and Argl44, which interacts
with a sulfate, lie within this helix (Fig. 1B) (28). Mutation of this
region abolishes the enzymatic activity of BDH2 and consequently
abrogates the biogenesis of 2,5-DHBA (18). Therefore, to abolish
BDH2 activity, exon 7 of the bdh2 gene was replaced with a neo-
mycin resistance cassette (Fig. 1A) (22). Homologous recombina-
tion was confirmed using DNA samples from clones resistant to
both G418 and ganciclovir by Southern blotting of HindIII- or
EcoRI-digested DNA using 5" and 3’ probes (Fig. 1C). Chimeric
animals were bred with 129Svim] females to produce inbred F1
offspring carrying the modified bdh2 allele. We confirmed the
germ line transmission of the targeted allele by Southern blotting
and PCR analysis (Fig. 1D) (unpublished data). We obtained
nearly 25% bdh2 null mice in F2, suggesting that bdh2 deletion did
not reduce the viability of the embryos. The bdh2 null mice are
grossly indistinguishable from their normal counterparts when
maintained on a basal-iron diet (0.02% iron); no overt neurolog-
ical or developmental abnormalities were observed on this diet.

Bdh2 null mice have no detectable 2,5-DHBA. We previously
demonstrated that suppression of BDH2 results in depletion of
2,5-DHBA in cultured mammalian cells (18). We next deter-
mined 2,5-DHBA levels in bdh2 null mice. Salicylic acid deriva-
tives such as 2,5-DHBA are easily detectable in urine specimens
(29). Therefore, we analyzed 2,5-DHBA levels in urine samples
collected from wt and bdh2 null mice by gas chromatography-
mass spectrometry (GC-MS) analysis following derivatization
with trimethylsilate (TMS) (18). We readily observed 2,5-DHBA
in the urine samples obtained from wt mice, which was confirmed
against a set of DHBA standards. In contrast, there was no detect-
able 2,5-DHBA in urine samples obtained from bdh2 null mice
(22). Thus, these results not only confirm our previous findings
(18) but also reinforce the notion that BDH2 catalyzes the biosyn-
thesis of 2,5-DHBA.

Complete blood counts in 2,5-DHBA-deficient mice. Deple-
tion of siderophore in developing zebrafish embryos results in
anemia and heme deficiency (18). We next evaluated hematolog-
ical parameters in our bdh2 null mice. Examination of complete
blood counts (CBC) and red blood cell (RBC) indices in periph-
eral blood of bdh2 null mice (ages 3 to 14 months) revealed a few
changes. We found that adult, but not geriatric, bdh2 null mice
were mildly anemic, as noted by a decreased mean corpuscular
volume (MCV) (Fig. 2C) and decreased mean corpuscular hemo-
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FIG 1 Derivation of bdh2 knockout mice. (A) Targeting strategy to delete exon 7 in the mouse bdh2 gene. TK, thymidine kinase. (B) Ribbon diagrams of wt and
mutant mouse Bdh2 proteins with bound NAD ™ in a stick model. Note that Tyr147 and Lys151, the critical residues for interaction with NAD ™, are absent in
mutant Bdh2. (C) Identification of positive ES clones by Southern blotting using both 5" and 3’ external probes. (Left) Homologous recombination at the 5’ end.
Two clones contained the expected 7.5-kb HindIII fragment with the 5" external probe. (Right) Homologous recombination at the 3" end. Two clones, which
were targeted correctly at the 5’ end, were tested for targeting at the 3’ end. These clones contained the expected 22-kb EcoRI fragment with the 3" external probe.
(D) Genotype identification by PCR analysis. DNA extracted from tails of wt and bdh2 type Il mice was subjected to PCR analysis. The diagnostic product for type
II deletion is the 160-bp fragment amplified by the P1 and P4 primers. MM, molecular marker 1-kb DNA ladder.

globin concentration (MCHC [Hgb/RBC]) (Fig. 2D). Addition- are consistent with our previous findings that siderophore-de-
ally, analysis of peripheral blood smears indicated a mild hypo- pleted zebrafish embryos were hypochromic (17). Additionally,
chromia (Fig. 2G). Based on these results, we conclude that bdh2  adult bdh2 null mice, but not geriatric mice, have a higher number
null mice are microcytic and hypochromic. These observations  of RBCs than wt controls (Fig. 2A). These results are consistent
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FIG 2 Effect of BDH2 deficiency on hematological parameters. Complete blood counts were measured from whole blood of mice at the indicated ages. (A to F)
RBC parameters were determined in female mice at 3 and 14 months of age. Data are presented as means * SD. HCT, hematocrit; MCV, mean corpuscular
volume; MCHC, mean corpuscular hemoglobin concentration; Hb, hemoglobin; RDW, red cell distribution width. (G) Wright-Giemsa-stained peripheral
blood smears of mice at 3 months of age. bdh2 null RBCs are relatively hypochromic. (H) Platelet (PLT) levels in female mice at 3 and 14 months of age. Data are
presented as means = SD. (I) Increased extramedullary hematopoiesis in bdh2 null mice. Shown are H&E staining and Perls staining of histological sections of

spleen from female mice at 14 months of age. WP, white pulp; RP, red pulp.

with the notion that mice with microcytic and hypochromic ane-
mias have a higher number of RBCs (30-32). The increased num-
ber of RBCs with a decrease in size further suggests that the iron
available for hemoglobin is restricted (30). Despite the presence of
mild anemia in bdh2 null mice, we did not observe splenomegaly,
although there was a trend toward increased erythropoiesis on
histological examination (Fig. 2I) (unpublished data). No differ-
ences in white blood cell (WBC) counts or platelet numbers were
detected in bdh2 null mice (Fig. 2H) (unpublished data). Thus, the
results confirm our previous findings and suggest that sidero-
phore depletion affects heme biogenesis.

Mammalian siderophore 2,5-DHBA deficiency causes iron
overload. Previously we demonstrated that depletion of 2,5-
DHBA through inhibition of bdh2 expression alters cellular iron
homeostasis (18). To assess the consequences of the BDH2 defi-
ciency on iron homeostasis in various organs, we used both histo-
logical staining and quantitative determination of iron content
(Fig. 3). At 3 months of age, bdh2 null mice showed a significant
increase in iron content in the spleen (~3-fold), which primarily
reflects macrophage iron content recovered from the hemoglobin
of senescent RBCs (Fig. 3B). We next examined sites of iron accu-
mulation by staining histological sections for iron. We found en-
hanced iron accumulation in the red pulp region of the spleen
(Fig. 3A). However, the histological appearance of the spleen re-
mains unchanged compared to that of wt mice, as judged by H&E
staining (Fig. 3A). Siderophore depletion elevates cytoplasmic
iron and mitochondrial iron deficiency (18). Thus, the observed
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increase in splenic iron content may be secondary due to delayed
iron utilization in the absence of siderophore.

We also examined the iron content of the liver in 3- and 14-
month-old bdh2 null mice, which reflects total body iron stores.
We observed a moderate increase in nonheme iron in liver (~2-
fold) in bdh2 null mice (Fig. 3C). The observed increase in iron
content in liver is pronounced in parenchymal cells (Fig. 3A).
However, the iron content in the pancreas, heart, and brain of
bdh2 null mice is unremarkable (Fig. 3D and E). The increased
iron content observed in spleen and liver samples from 3-month-
old bdh2 null mice is not a permanent change, since analysis of
iron content in samples from geriatric wt or bdh2 null mice (14
months of age) showed no significant difference in iron content
(Fig. 3B and C). These findings indicate that bdh2 deficiency in
mice leads to iron accumulation in spleen and, to a more limited
extent, in liver.

Finally, analysis of serum iron in bdh2 null mice revealed a
decrease in serum iron and transferrin saturation compared to the
levels in wt mice (Fig. 3F and G).

Hepcidin and ferroportin levels are normal in bdh2 null
mice. Hepcidin regulates systemic iron by controlling duodenal
iron absorption and release of iron from splenic macrophages
(33). Since bdh2 null mice specifically accumulate iron in the
spleen, we reasoned that enhanced iron in spleen might be second-
ary to altered hepcidin levels. To examine this idea, we assessed
levels of hepcidin in liver samples from wt and bdh2 null mice.
Figure 4A shows that there is no significant difference in levels of
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or H&E staining. Blue staining represents iron accumulation in cells. Representative images from specimens collected from at least 3 mice per genotype are
shown. (B to E) Quantitative determination of tissue iron content (mg/g of tissue wet weight) in various organs was compared in female mice at 3 and 14 months
of age. At least 3 mice per time point and genotype were analyzed. Data are presented as means = SD. (F and G) Serum iron indices in female mice at 3 and 14
months of age. Iron and transferrin saturation were measured from nonhemolyzed serum of wt and bdh2 null mice. Data are presented as means * SD.

hepcidin gene expression between wt and bdh2 null liver samples
in aged mice. However, we did observe a trend toward increased
hepcidin expression in liver samples from bdh2 null mice at 12
weeks of age, but the difference did not achieve statistical signifi-
cance (P = 0.12).

Hepcidin binds to ferroportin on the plasma membrane of
enterocytes, macrophages, hepatocytes, and other cells, promot-
ing its internalization and eventually lysosomal degradation (34,
35). Ferroportin is the only exporter of inorganic iron in mamma-
lian cells; therefore, inactivation of ferroportin by hepcidin leads
to intracellular iron retention (34). We therefore assessed levels of
ferroportin by performing an immunoblot of liver and spleen
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samples from control and bdh2 null mice. We found that ferro-
portin levels are similar in both sets of mice (Fig. 4C). Taken
together, the results of Fig. 4A and C suggest that hepcidin and
ferroportin levels are unaffected by BDH2 deficiency.
Mammalian siderophore 2,5-DHBA depletion confers mito-
chondrial iron deficiency. The ratio of erythrocyte zinc protopor-
phyrin IX to heme (ZnPP/H) is commonly used to determine
whether iron scarcity affects heme biosynthesis (23, 31, 32). Che-
lation of iron to protoporphyrin by ferrochelatase is the final step
in heme biogenesis. Zn is the alternative metal used by ferroche-
latase when iron is not available (36). Therefore, iron deficiency
resulting from excess hemolysis and defects in iron recycling con-
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FIG 4 Hepcidin and ferroportin levels are unaltered in bdh2 null mice. (A)
Quantification of hepcidin mRNA levels in liver samples from control and
bdh2 null mice. Shown is hepatic Hamp mRNA expression relative to $-actin
mRNA expression in control and bdh2 null mice at 3 months of age. Data are
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tagged full-length mouse FPNI1 cDNA. (B) (Left) The blot was probed with
anti c-Myc antibody. (Right) The blot was probed with antiferroportin anti-
body. (C) The blot was probed with antiferroportin antibody. The blot was
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tribute to an increase in the ZnPP/H ratio (31, 32). Yeast and
zebrafish embryos deprived of siderophore display mitochondrial
iron deficiency (18). Therefore, the ZnPP/H ratio was determined
in whole-blood samples from wt and bdh2 null mice by hemato-
fluorometry (23). The ZnPP/H ratio was increased in bdh2 null
mice (Fig. 5A).

We next measured heme in immortalized hematopoietic cells
by labeling them with *°Fe-transferrin and the heme precursor
aminolevulinic acid (ALA) (7). As expected, wt cells efficiently
incorporated 55Fe into heme; however, in contrast, incorporation
of **Fe into heme was significantly reduced in bdh2 null hemato-
poietic cells (Fig. 5B). Finally, we measured incorporation of iron
into heme in isolated reticulocytes from wt and bdh2 null mice.
Reticulocytes from serially phlebotomized mice were incubated
with **Fe-Tf (7), and the amount of intracellular iron incorpo-
rated into heme was measured. Iron incorporation into heme was
lower in reticulocytes from bdh2 null mice (Fig. 5C).

To further explore mitochondrial iron deficiency, we mea-
sured the activity of mitochondrial aconitase (mAco), an iron-
dependent enzyme, in liver samples from control and bdh2 null
mice at 3 and 14 months of age (18). We found that mAco activity
was substantially lower in liver from bdh2 null mice (Fig. 5D). In
contrast, the activity of citrate synthase (CS), the activity of which
is not dependent on iron, is unaltered in bdh2 null mice (Fig. 5D).

Mammalian siderophore 2,5-DHBA-deficient mice are sen-
sitive to iron challenge. To investigate whether iron deposition in
spleen was due to an intrinsic capacity of bdh2 null mice to load
iron, 8-week-old control and bdh2 null mice were placed on iron-
manipulated diets: a low-iron diet (0.0006% iron), a basal-iron
diet (0.02% iron), and a high-iron diet (2% carbonyl iron) for 60
days. All control mice regardless of iron content in the diet sur-
vived for the duration of the experiment, whereas only 20% of
bdh2 null mice were viable at 55 days post-high-iron-diet chal-
lenge (Fig. 6). In contrast, iron deficiency did not cause mortality
in bdh2 null mice, which exhibited pale paws, extreme alopecia,
and hypothermia (Fig. 6A). bdh2 null mice on the high-iron diet
exhibited runted growth (Fig. 6A) and gained weight very slowly
(Fig. 6). The observed delay in weight gain was unrelated to con-
sumption of chow; both wt and bdh2 null mice consumed chow at
comparable rates (unpublished data).

To gain insight into the mechanism by which a high-iron diet
kills bdh2 null mice, we systematically examined the biochemical
and organ changes in these mice. We first evaluated the effect of
dietary iron on hematological parameters in wt and bdh2 null
mice. RBCs are elevated in both genotypes on a high-iron diet
compared with RBCs in mice on the basal-iron diet or low-iron
diet. However, the hemoglobin and MCH contents are signifi-
cantly lower in bdh2 null mice, even on the high-iron diet, con-
firming that 2,5-DHBA deficiency results in heme deficiency (Ta-
ble 1). Additionally, the MCV is also lower in bdh2 null mice,
suggesting the development of microcytic hypochromic anemia,
even in the face of excess iron (Table 1). In contrast, both wt and
bdh2 null mice are anemic when maintained on a low-iron diet
(Table 1).

We next examined tissue and serum iron levels in these mice.
We found a significant increase in total serum iron and transferrin

later stripped and reprobed with an antiactin antibody to ensure equal loading.
The positions and masses of molecular mass markers are indicated on the left.
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FIG 5 Mitochondrial iron deficiency in hematopoietic cells from bdh2 null mice. (A) Evaluation of ZnPP/H levels in RBC from control and bdh2 null mice at
3 months of age. Data are presented as means *+ SD. (B) BDH2 deficiency impairs heme biosynthesis in hematopoietic cells. Control or bdh2 null immortalized
hematopoietic cells were incubated with 2.5 uM **Fe-Tf and 0.2 mM ALA for 8 h at 37°C. Radiolabeled heme was quantified by liquid scintillation following
extraction from cell lysates. Data are presented as means = SD. (C) Incorporation of >*Fe into reticulocytes from control or bdh2 null mice. Shown are uptake
of °Fe and the distribution of iron between heme and nonheme portions of cellular iron. Reticulocytes were incubated with 3.75 wM **Fe-Tfat 37°C for 30 min.
Time zero values were obtained by incubating ice-cold **Fe-Tf with reticulocytes on ice. (D) Activity of mitochondrial aconitase (mAco; nmol/min/mg protein)
was measured in mitochondria isolated from liver samples from female control and bdh2 null mice at 3 and 14 months of age. The activity of mAco was
normalized to citrate synthase (CS) activity determined from the same samples. The percentage of mAco activity is indicated (mAco/CS X 100). Each value
represents the mean = SD of n = 5/genotype.

saturation in both wt and bdh2 null mice that were kept on a  loaded hepatocytes in bdh2 null mice undergo premature cell
high-iron diet. However, serum iron levels in bdh2 null mice were  death. To investigate this possibility in vivo, we assessed hepato-
much higher than those of wt mice on high-iron diets (Fig. 7A and  cyte cell injury by measuring serum levels of sorbitol dehydroge-
B). In contrast to these findings, maintenance on a low-iron diet  nase (SDH), a liver-specific intracellular enzyme that leaks into
produced lower serum iron levels and decreased transferrin satu-  blood following hepatic damage (38). We found an ~50-fold in-
ration in both groups of mice (Fig. 7A and B). Furthermore, the  creasein serum SDH levels in bdh2 null mice placed on a high-iron
serum iron levels in mice on a low-iron diet were not significantly ~ diet over the level found in control mice on the same diet (Fig.
different between genotypes (Fig. 7A and B). Dietary carbonyl 7G). In contrast to the findings observed with the high-iron diet,
iron overload is associated with deposition of iron in periportal  the low-iron diet significantly lowered liver iron content, as deter-
hepatocytes (37). Thus, we also found enhanced iron staining in  mined using histological and quantitative assays (Fig. 7D and E).
periportal areas in control and bdh2 null mice (Fig. 7C). Addition- ~ Combined, these results suggest that the absence of bdh2 exacer-
ally, iron accumulation in the liver of bdh2 null mice was signifi-  bates iron accumulation when mice are challenged with excess
cantly greater than that in liver samples from control mice (Fig.  iron.
7C). To confirm these findings, liver iron content was quantified Last, we evaluated the iron content in spleens of wt and bdh2
by atomic absorption (AA) spectroscopy and colorimetry. Again, null mice that were fed a high-iron diet. Figure 3 demonstrates
liver iron content was significantly higher in bdh2 null mice (Fig.  that bdh2 deficiency contributes to iron accumulation in the
7D and E). spleen. Iron accumulation in the spleen was further exacerbated
We previously showed that BDH2 deficiency leads to abnormal ~ when bdh2 null mice were placed on a high-iron diet (Fig. 7C). AA
accumulation of iron in the cytoplasm, leading to increased reac-  spectrometry and colorimetric determination of iron content
tive oxygen species (ROS) production, which eventually contrib-  confirmed the histological findings in both control and bdh2 null
utes to premature cell death (18). Thus, it is possible that iron-  mice (Fig. 7F) (unpublished data). In contrast to these findings, a
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FIG 6 Iron challenge adversely affects the growth of bdh2 null mice. (A)
Morphological features of mice on low-iron and high-iron diets. (B) Growth
parameters of control and bdh2 null mice placed on a high-iron diet. (C)
Survival analysis of control and bdh2 null mice on a high-iron diet.

low-iron diet caused a decrease in iron content in the spleens of
both wt and bdh2 null mice (Fig. 7C and F). Collectively, the iron
imbalance observed in bdh2 null mice is likely to adversely affect
organ function.

Supplementation with 2,5-DHBA alleviates iron overload.
We previously showed that 2,5-DHBA protects cells from iron
toxicity by sequestering iron (18). Additionally, bdh2 null mice
display iron overload in spleen. If the basis for iron accumulation
in spleen is indeed lack of 2,5-DHBA, then supplementation with
2,5-DHBA should correct this defect. To examine this hypothesis,
we injected 12-week-old control or bdh2 null mice with 500 mg/kg
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2,5-DHBA split into two doses, and each dose was injected intra-
peritoneally 24 h apart. Mice were sacrificed 24 h after last injec-
tion of 2,5-DHBA, and iron levels in the blood and tissues of these
mice were determined. Injection with vehicle used to solubilize
2,5-DHBA had no effect on serum iron parameters in both control
and bdh2 null mice (Fig. 8A and B). In contrast, injection of 2,5-
DHBA lowered serum iron levels as well as serum Tf iron satura-
tion in bdh2 null mice (Fig. 8A and B). Injection of 2,5-DHBA into
control mice also lowered serum iron and serum Tf iron satura-
tion (Fig. 8A and B).

Finally, we assessed iron levels in spleen samples from control
or bdh2 null mice injected with 2,5-DHBA or vehicle. Iron content
in the spleen of bdh2 null mice was higher than that in control
mice (Fig. 8C and D). Injection of 2,5-DHBA reduced the iron
content of the spleen in these mice as determined by histological
and quantitative analyses (Fig. 8C and D). Combined, these re-
sults suggest that 2,5-DHBA supplementation reduces iron over-
load in the spleen.

Disruption of bdh2 does not alter ketone body metabolism.
We next sought to determine the biological significance of BDH2
deficiency in vivo. An earlier study suggested a role for BDH2 in
ketone body metabolism. Based on computational modeling, it
was proposed that BDH2 binds to and oxidizes cytosolic ketone
bodies (28, 39). However, whether BDH?2 has a significant role in
ketone body metabolism in vivo has not been demonstrated.
Therefore, we evaluated levels of ketone bodies in plasma samples
obtained from wt and bdh2 null mice, specifically b-B-OH butyric
acid, the most abundant ketone in the body. As expected, wt mice
displayed basal levels of p-B-OH butyric acid (Fig. 9A). Interest-
ingly, measurement of D-3-OH butyrate in bdh2 null mice yielded
levels comparable to that of wt mice (Fig. 9A) (22). Additionally,
evaluation of acetoacetate also suggested no ketoacidosis in bdh2
null mice (Fig. 9B) (22). In mammals, ketone bodies are derived
from the oxidation of fatty acids, which are then exported to other
tissues to be used as fuel (40). Defects in ketone body oxidation
result in ketosis and channeling of ketone bodies via coenzyme A
(CoA) transferase to form fatty acids. Therefore, we next assessed
cholesterol, free fatty acid (FFA), and triglyceride levels in plasma
samples from wt and bdh2 null mice. Plasma fatty acid measure-
ments in bdh2 null mice are similar to the levels found in wt mice
(22). Thus, multiple lines of evidence suggest that BDH2 defi-
ciency does not impair ketone body metabolism, counter to the
computational model’s prediction.

DISCUSSION

We previously showed that depleting the siderophore by inhibit-
ing expression of bdh2 in yeast and zebrafish embryos results in
mitochondrial iron deficiency and, as a consequence, decreased
heme biosynthesis (18). In this report, we analyzed the origin of
the anemia in bdh2 null mice. The presence of microcytic and
hypochromic anemia in bdh2 null mice, as noted by decreased
MCV and MCHC, suggests defects in iron acquisition or availabil-
ity or heme. Additionally, absence of BDH2 leads to abnormal
accumulation of iron in the spleen and, to a lesser extent, the liver.
Lower serum iron and higher tissue iron in bdh2 null mice are
reminiscent of anemia of chronic inflammation. Accumulation of
iron in spleen and liver in bdh2 null mice raises the possibility that
BDH?2 affects iron export (described below).

Members of the SDR family of proteins are implicated in dis-
parate cellular processes (39). Based on a computational design,
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TABLE 1 Hematologic parameters of wt and bdh2 null mice on normal and iron-manipulated diets

Result (mean =+ SD) for’:

Low-iron diet

High-iron diet

Basal-iron diet

Parameter” wt (n = 6) bdh2™'~ (n=5) P wt (n = 10) bdh2™'~ (n=9) P wt (n=15) bdh2™'~ (n=5) P

WBCs (IOS/MI) 10.7 £ 3.3 95*3 >0.05 3.79 25 41=*1.9 >0.05 11.1 £6 11.5 £ 2.1 >0.05
RBCs (10°/l) 7.06 £ 1.9 711 %3 >0.05 2.62*14 3.64 = 2.2 >0.05 104 *=1.2 12.3 £ 0.7 <0.05
Hemoglobin (g/dl)  7.48 = 2.9 6.18 = 3.5 >0.05 4.63 £2.6 5.58 = 3.5 0.05 16.6 = 1.55 14.6 = 1.6 >0.05
HCT (%) 242 %6 292 12 >0.05 14.1 £ 8.3 17.64 = 11 0.02 47.7 = 4.3 554 * 10 >0.05
MCV (1) 38.1 £8 412 =74 0.001 522 £9.7 47.1 = 3.8 0.04 534 %78 46 £ 2 <0.05
MCH (g/dl) 10.6 =2 114+ 1.8 >0.05 173 £3.1 15.1 = 0.65 0.03 159 £0.56 16.5 = 3.5 >0.05
MCHC (g/dl) 28.6 £2 27.7 £2.22 >0.05 33.2=*27 32.2 £1.48 >0.05 34.8=*0.86 31.2=*0.7 <0.05
RDW (%) 273 £ 1.1 288 £2 >0.05 23*4 20 £ 1.19 >0.05 6.83 =075 8.65=*1 >0.05
Platelets (103/}L1) 1,028 £ 306 942 * 341 >0.05 1,403 = 1,210 2,068 £ 1,048 >0.05 754 = 396 594 *= 247 >0.05

“ WBCs, white blood cells; RBCs, red blood cell; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; RDW, red cell distribution width.

b Statistical differences were calculated by two-tailed Student’s ¢ test.

BDH2 was proposed to bind and oxidize ketone bodies in the
cytoplasm (28, 39). We created mice lacking BDH2; specifically we
deleted exon 7 in bdh2, which encodes the catalytic site of BDH2
(18, 22). Amino acid residues encoded by exon 7 of bdh2 form a
helix, which is located at a dimer interface within the tetramer (2
of these helices in 2 adjacent monomers interact with each other in
the tetramer) (28). Removal of the helices prevents proper dimer/
tetramer formation. Removal of this helix also prevents the mono-
mer from folding properly. Additionally, within this helical
stretch of residues are 3 amino acids that form the active site:
Tyr147 and Lys151 interact with the bound NAD (cofactor), and
Argl44 interacts with a sulfate in the active site (28). Thus, re-
moval of exon 7 results in abrogation of the enzymatic activity of
BDH2 and also destabilizes the structure of BDH2.

Many lines of evidence suggest that BDH2 may be dispensable
for oxidation of ketone bodies. First, we found that BDH2 defi-
ciency does not alter ketone body levels. Second, cytosolic BDH2
is only 20% identical to BDH1, a mitochondrial enzyme involved
in NAD*/NADPH-dependent oxidation/reduction of ketone
bodies (40). Last, the majority of ketone bodies are ferried into
mitochondria (40) to fuel energy reactions. Therefore, the con-
tribution of cytosolic ketone oxidation mediated by BDH2 is
minimal.

One of the least understood aspects of cellular iron metabolism
is the trafficking of iron within the cell (4, 5). Iron is generally
believed to be taken up by the cell via the Tf pathway and then
routed to mitochondria through the cytoplasm. The facilitators of
cytosolic iron trafficking to mitochondria remain enigmatic. Pre-
viously, we showed that BDH2 or DHRS6, a member of the short-
chain dehydrogenases, catalyzes 2,5-DHBA biosynthesis (18). We
also found that 2,5-DHBA, the mammalian siderophore, facili-
tates mitochondrial iron uptake (18). Based on the results pre-
sented in this report, as well as in our recent paper (22), we suggest
that cytosolic BDH2 is important for 2,5-DHBA biosynthesis and
cellular iron metabolism in mammals for the following reasons.
First, mammalian BDH2 is highly homologous to bacterial EntA
(over 45% similarity and ~31% identical) (18), which oxidizes
2,3-dihydro-2,3-DHBA to 2,3-DHBA. Therefore, based on the
high degree of homology, the major function of BDH2 is likely to
be in DHBA biosynthesis. Second, in agreement with the above-
mentioned prediction, we showed that the absence of BDH2 ab-
rogates 2,5-DHBA biosynthesis both in vivo and in cultured cells
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(18; this report). Third, contrary to the purported function based
on a computational study (28), ketone body levels are unchanged
in bdh2 null mice. Fourth, bdh2 is the only member of the SDR
family that contains an iron response element (IRE) and is regu-
lated by iron in human and primate cells (41). The presence of an
IRE further reinforces the hypothesis that bdh2 plays a role in iron
metabolism in human and primate cells. bdh2 was found to be
increased in sodium/hydrogen exchanger NHA2-deficient cells
(42). Tf receptor endocytosis in NHA2 null pancreatic 8 cells is
significantly reduced (42). Thus, it was proposed that an increase
in bdh2 may be a mechanism to maintain iron homeostasis in 3
cells (42). Absence of BDH2 results in alterations in cellular iron
metabolism both in vivo as well as in cell culture models (see
reference 17 and this report). Finally, supplementation with 2,5-
DHBA partially rescued iron accumulation in bdh2 null mice.
Combined, all of these results strongly support a role for BDH2/
2,5-DHBA in cellular iron metabolism.

A recent report suggested that 2,5-DHBA does not bind iron in
the cell (43). This study did not take into consideration, and failed
to cite, many important studies that support our conclusions. (i)
For instance, interaction of 2,5-DHBA (gentisic acid) with iron is
known (44). (ii) In addition, the conclusions of Correnti et al.
regarding the inability of 2,5-DHBA to bind ferric iron contradict
a known interaction between maduraferrin and iron (45). The
structure of maduraferrin demonstrates that 2,5-DHBA does bind
in a bidentate fashion to iron (45). This supports the conclusions
of an earlier study (44). However, it is also possible that hydrox-
amate and acid hydrazide moieties contribute to additional iron
affinity of maduraferrin (45). (iii) Finally, in contrast to the study
by Correnti et al., results from our laboratory as well as others have
reported interaction of 24p3 with 24p3R (46—48). Thus, nonin-
clusion of these reports that would otherwise support our conclu-
sions makes it difficult to interpret the observations of Correnti et
al. Nonetheless, in light of their study, we extensively studied the
complex formation of ferric iron salts with 2,5-DHBA in pH
ranges of 2.5 to 9.0 at 298.15 K in water as a solvent using kinetic
and equilibrium UV spectroscopy. We found that complexation
with Fe(III) and 2,5-DHBA occurs at a 1:3 ratio, which was con-
firmed by high-resolution mass spectrometry. Based on these re-
sults, we propose that 2,5-DHBA binds to ferric iron ion via the
salicylate mode (S. Porwal, E. Furia, M. E. Harris, R. Viswanathan,
and L. Devireddy, submitted for publication).
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FIG 7 Iron parameters in control and bdh2 null mice fed with iron-manipulated diets. (A and B) Serum iron indices in control and bdh2 null mice placed on a
low-iron diet, basal-iron diet, and high-iron diet. Serum iron and transferrin saturation were measured in nonhemolyzed sera of control and bdh2 null mice. Data
are presented as means * SD. (C) Perls Prussian blue staining to detect tissue iron in liver and spleen sections from control and bdh2 null mice fed with alow-iron
diet, basal-iron diet, and high-iron diet. Nonheme iron stains blue. Representative images from specimens collected from at least 3 mice per genotype are shown.
(D) Quantitative determination of liver iron content (j.g/mg of wet tissue weight) of control and bdh2 null mice placed on a low-iron diet, basal-iron diet, and
high-iron diet by colorimetry. At least 3 mice per time point and genotype were analyzed. Data are presented as means = SD. (E) Atomic absorption spectroscopy
analysis of liver iron content (ug/mg of tissue wet weight) in control and bdh2 null mice placed on a low-iron diet, basal-iron diet, and high-iron diet. At least 3
mice per time point and genotype were analyzed. Data are presented as means = SD. (F) Quantitative determination of tissue iron content (g/mg of wet tissue
weight) in spleen from control and bdh2 null mice placed on a low-iron diet, basal-iron diet, and high-iron diet. At least 3 mice per time point and genotype were
analyzed. Data are presented as means * SD. (G) SDH levels in sera from control and bdh2 null mice fed with a low-iron diet, basal-iron diet, and high-iron diet.
Enzyme levels are indicated in logarithmic scale. At least 3 mice per time point and genotype were analyzed. Data are presented as means = SD.

Correnti et al. fail to convincingly demonstrate steric hin-
drance between iron-bound 2,5-DHBA and the binding pocket of
24p3. Correnti et al. rely on a structural model to show that steric
hindrance “precludes binding” of iron-bound 2,5 DHBA to 24p3.
However, the reported model allows no flexibility in the position
of any residues comprising the 24p3 binding site or any shift in the
modeled 2,5-DHBA position or orientation to resolve the exhib-
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ited clash. Such a model is unrealistic. Indeed, it is well known that
receptor-ligand interactions often involve movement of binding
site residues (49). Additionally, published structures of 24p3
bound to various ligands show that the complexes exhibit side-
chain flexibility and ligand movement (50).

We found that by 12 weeks of age, bdh2 null mice accumulate
significant amounts of iron, especially in the spleen and, to a lesser

mcb.asm.org 2543


http://mcb.asm.org

Liu et al.

A 100+ _bdh2t/+  bdh2/- B c
< 4007 _bdhat/+  bdha g _bdh2t/t bdh2/-
= (380 0.014 % 008 . — —
S ! o
g 2300 0.01
g 560 < . 2 | 5 % 3
£ 20 I s, +
£ 2 5 4+ 15
3 32 & 100 & £ 1 = —I—
0 0 T ‘; T :? “o T T T T
& Q ¥ O® g X ¥ X
S K& L RS
K & L@ R
¥ ¥ o Yy
D bdh27/~
T 1 1
2,5-DHBA

FIG 8 Supplementation with 2,5-DHBA alleviates iron overload in bdh2 null mice. (A and B) Serum iron indices in control and bdh2 null mice in bdh2 null mice
injected with vehicle or 2,5-DHBA. Serum iron and transferrin saturation were measured in nonhemolyzed sera of wt or bdh2 null mice injected with vehicle or
2,5-DHBA. Data are presented as means * SD. (C) Quantitative determination of tissue iron content (g/mg of tissue wet weight) in spleen of control or bdh2
null mice injected with vehicle or 2,5-DHBA. At least 3 mice per treatment condition were analyzed. Data are presented as means * SD. (D) Histological
detection of tissue iron in spleen sections from control or bdh2 null mice injected with vehicle control of 2,5-DHBA by Perls staining. Blue staining
represents iron accumulation in cells. Representative images from specimens collected from at least 3 mice per treatment condition are shown.

A 10-
= ° ® bdh2t+
< 8- 0 bdh27
£ o
g 64
© [o]
>
ER
Slas 47
. o
= % % e &
0 ; T
3 14
Age (months)
B 60-
® bdh2t/*
- /-
S 0 bdh2
240~ o
(9] (o]
= 0
e T
S 204 Ed 8
g |®°
<C
o
0 0 .
3 14

Age (months)

FIG 9 Bdh2 deficiency does not alter ketone body metabolism. (A and B)
Measurement of D-B-OH butyric acid and acetoacetate levels in plasma of
8-week-old female wt and bdh2 null mice. Data are presented as means * SD.

2544 mcb.asm.org

extent, in the liver. In contrast, the tissue iron content in spleen is
unremarkable in geriatric mice. Thus, it appears that over time
these mice develop compensatory mechanisms to prevent iron
accumulation in the spleen. We also found that dietary iron con-
tent influences the phenotype of bdh2 null mice. bdh2 null mice
placed on a high-iron diet gain weight slowly and are much
smaller than wt mice placed on the same diet. Furthermore, a
high-iron diet causes the demise of bdh2 null mice, presumably
the consequence of iron-induced toxicity. Siderophore-depleted
cells contain higher levels of ROS and are substantially more sen-
sitive to oxidative stress (18). Chelated iron is much less reactive
than free iron in generating ROS. Therefore, by sequestering free
iron, 2,5-DHBA protects cells from oxidative stress (18) or by
scavenging free radicals (51).

An increase in the ZnPP/H ratio suggests a defect in iron me-
tabolism, perhaps resulting from a defect in iron utilization, sys-
temic iron deficiency, or defects in recycling of senescent RBCs
(31, 32). Macrophages recycle heme from senescent RBCs and
store iron in ferritin, which is directed to the lysosomal pathway to
meet the demands of iron need. Ferroportin regulates iron egress
from macrophages into circulation (52). Free heme is very toxic,
and lack of the antioxidant enzyme BDH2 (18, 51) leads to a non-
enzymatic destruction of heme, forcing iron to depart from its
physiological path toward ferroportin. Therefore, BDH2 defi-
ciency impairs the recycling of hemoglobin iron by macrophages.
This scenario also explains iron accumulation and an increase in
the ZnPP/H ratio in bdh2 null mice.
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In contrast to the phenotype of bdh2 null mice on a high-iron
diet, iron deficiency resulted in extreme anemia. Significantly, we
found severe alopecia in bdh2 null mice that were maintained on a
low-iron diet. However, these results (high iron in liver/spleen
and low serum iron) are similar to anemia of chronic disease
(a.k.a., anemia of inflammation) in which iron stores are in-
creased in these tissues and are prevented from being exported.
Thus, BDH2 may affect iron export from cells and not intracellu-
lar import.

Our previous studies showed that siderophore depletion re-
sults in iron-deficient mitochondria. We also found that mito-
chondrial iron deficiency resulting from siderophore depletion
leads to mitochondrial stress and promotes mitophagic clearance
of mitochondria (Z. Liu and L. Devireddy, unpublished data).
Mitochondria influence nuclear gene expression via a poorly un-
derstood retrograde signaling pathway (53). Thus, loss of mito-
chondria in siderophore-depleted cells may in part explain the
altered nuclear transcriptome observed in spleen samples from
bdh2 null mice. Alternatively, alterations in the cellular LIP might
affect the nuclear LIP leading to altered transcription.

In summary, the current findings reveal an important role for
BDH?2 in cellular iron metabolism while demonstrating that basal
levels of ketone bodies in bdh2 null mice are indistinguishable
from those of wt mice.
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