ANTIOXIDANTS & REDOX SIGNALING 1)
Volume 26, Number 14, 2017 7
© Mary Ann Liebert, Inc. 7
DOI: 10.1089/ars.2015.6571

Therapeutics
Forum ORIGINAL RESEARCH COMMUNICATION

Control of Oxidative Stress and Inflammation in Sickle Cell
Disease with the Nrf2 Activator Dimethyl Fumarate

John D. Belcher! Chunsheng Chen, Julia Nguyen! Ping Zhang! Fuad Abdulla! Phong Nguyen,
Trevor Killeen, Pauline Xu, Gerry O'Sullivan? Karl A. Nath® and Gregory M. Vercellotti’

Abstract

Aims: Heme derived from hemolysis is pro-oxidative and proinflammatory and promotes vaso-occlusion in
murine models of sickle cell disease (SCD), suggesting that enhanced detoxification of heme may be
beneficial. Nuclear factor erythroid-2-related factor-2 (Nrf2) transcription pathway is the principal cellular
defense system responding to pro-oxidative and proinflammatory stress. Dimethyl fumarate (DMF), a drug
approved for treatment of multiple sclerosis, provides neuroprotection by activating Nrf2-responsive genes.
We hypothesized that induction of Nrf2 with DMF would be beneficial in murine SCD models.

Results: DMF (30 mg/kg/day) or vehicle (0.08% methyl cellulose) was administered for 3—7 days to NY1DD
and HbSS-Townes SCD mice. Vaso-occlusion, a hallmark of SCD, measured in sickle mice with dorsal skinfold
chambers, was inhibited by DMF. The inhibitory effect of DMF was abrogated by the heme oxygenase-1 (HO-1)
inhibitor tin protoporphyrin. DMF increased nuclear Nrf2 and cellular mRNA of Nrf2-responsive genes in livers and
kidneys. DMF increased heme defenses, including HO-1, haptoglobin, hemopexin, and ferritin heavy chain, al-
though plasma hemoglobin and heme levels were unchanged. DMF decreased markers of inflammation, including
nuclear factor-kappa B phospho-p65, adhesion molecules, and toll-like receptor 4. DMF administered for 24 weeks
to HbSS-Townes mice decreased hepatic necrosis, inflammatory cytokines, and irregularly shaped erythrocytes and
increased hemoglobin F, but did not alter hematocrits, reticulocyte counts, lactate dehydrogenase, plasma heme, or
spleen weights, indicating that the beneficial effects of DMF were not attributable to decreased hemolysis.
Innovation: These studies identify Nrf2 activation as a new therapeutic target for the treatment of SCD.
Conclusion: DMF activates Nrf2, enhances antioxidant defenses, and inhibits inflammation and vaso-occlusion
in SCD mice. Antioxid. Redox Signal. 26, 748-762.
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Introduction

ATIENTS WITH SICKLE CELL DISEASE (SCD) have unre- Innovation

lenting hemolysis that continually releases hemoglobin Only one drug, hydroxyurea, has been approved for the
and heme into the vasculature. Heme, a damage-associated treatment of sickle cell disease (SCD). These studies
molecular pattern, can activate the pattern recognition re- | identify nuclear factor erythroid-2-related factor-2 (Nrf2)
ceptor toll-like receptor 4 (TLR4), leading to oxidative stress, activation as a new therapeutic target for the treatment of
inflammation, and vaso-occlusion (5, 13, 22). Intravenous in- SCD. These findings help provide impetus for clinical
fusion of the hemoglobin-binding protein haptoglobin or the testing of dimethyl fumarate in SCD patients.
heme-binding protein hemopexin into sickle mice inhibits
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vaso-occlusion in the steady state or after hemoglobin chal-
lenge (5). Moreover, induction of the cytoprotective heme
metabolizing enzyme heme oxygenase-1 (HO-1) or the iron-
binding protein ferritin heavy chain (FHC) induces cellular
cytoprotective responses that inhibit oxidative stress, inflam-
mation, and vaso-occlusion in humanized SCD mice (6, 9, 58).

The master regulator of cellular cytoprotective responses
to heme, iron, and oxidative stress is nuclear factor erythroid-
2-related factor-2 (Nrf2) (51). Nrf2 activity is controlled, in
part, by the cytosolic protein, kelch-like ECH-associated
protein 1 (Keapl) (44). Nrf2 is located in the cytoplasm when
bound to Keapl. The Nrf2/Keapl complex turns over rapidly
via ubiquitination and proteasomal degradation. Reactive
sulthydryls on Keapl can be readily oxidized by reactive
oxygen species and electrophiles, thereby releasing Nrf2,
allowing it to translocate to the nucleus where it activates
target genes that possess antioxidant response elements
(ARE) in their promoter regions. Studies comparing basal
and stress-induced responses in various tissues of wild-type
and Nrf2-deficient mice have identified a large number of
cytoprotective genes that are transcribed in response to Nrf2
activation (14, 27, 50, 55, 62).

Dimethyl fumarate (DMF) induces endogenous antioxidant
defenses in neuronal cells and astrocytes via the Nrf2 pathway
(1, 15, 35, 36, 42, 63). DMF and its primary metabolite,
monomethyl fumarate (MMF), alkylate a critical reactive
thiol, Cys151, on Keapl causing release of Nrf2, nuclear
localization, and activation of cellular anti-inflammatory
responses (36, 48). In patients with relapsing-remitting mul-
tiple sclerosis, DMF significantly reduced the proportion of
patients with relapse, the relapse rate, disability progression,
and the number of lesions (23). The Food and Drug Admin-
istration in the United States and their European, Canadian,
and Australian counterparts approved enteric coated DMF
(Tecfidera) for the treatment of multiple sclerosis. Based on
these studies and the anti-inflammatory properties of DMF, we
examined the cytoprotective effects of DMF in humanized
mouse models of SCD. These studies further our observations
of protection afforded by DMF in sickle mice that were ini-
tially reported as an oral abstract at the American Society of
Hematology in December 2014 (8).

Results

Vaso-occlusion is a hallmark of SCD. Heme-induced vaso-
occlusion (stasis) was measured in the subcutaneous venules
of NY1DD and HbSS-Townes sickle mice with implanted
dorsal skinfold chambers (DSFCs). These two murine models
of SCD were chosen because of their robust inflammation and
vaso-occlusion and their differential expression of human
y-globin. HbSS-Townes mice are genetically capable of ex-
pressing human “y-globin and thus the y-globin-containing
hemoglobin F (HbF). In contrast, the NY1DD mice do not
harbor the human 7-globin gene and do not express HbF.
Thus, these two models allowed us to examine the effects of
DMF independently of the human y-globin gene, which can
inhibit hemolysis (53) and which is upregulated by the DMF
metabolite MMF in human erythroid cells (46). In NY1DD
mice administered vehicle, microvascular stasis was 29% and
24% at 1 and 4 h, respectively, after heme infusion (Fig. 1A).
In contrast, in NY1DD mice administered DMF, stasis was
reduced to 6% and 4% at 1 and 4 h, respectively, after heme
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infusion (p <0.001 compared to vehicle). The inhibitory ef-
fects of DMF on vaso-occlusion were abrogated in NY1DD
mice administered the HO-1 inhibitor tin protoporphyrin
(SnPP). This observation on the importance of HO-1 activity
for inhibiting heme-induced vaso-occlusion in SCD also
has been made with vaso-occlusion induced by hypoxia—
reoxygenation (6, 10). In HbSS-Townes mice administered
vehicle, microvascular stasis was 33% and 31% at 1 and 4 h,
respectively, after heme infusion (Fig. 1B). In contrast, in
HbSS-Townes mice administered DMF, stasis was reduced
to 9% and 6% at 1 and 4 h, respectively, after heme infusion
(p<0.001).

Relative nuclear Nrf2 expression was determined by
Western blots of nuclear extracts isolated from the livers and
kidneys of sickle mice treated with DMF or vehicle. In
NY1DD mice (Fig. 2A), DMF administration increased nu-
clear Nrf2 expression 5.6-fold (p=0.029) in livers and 2.5-
fold (p<0.01) in kidneys compared to vehicle-treated mice.
Similarly, in HbSS-Townes mice (Fig. 2B), DMF increased
nuclear Nrf2 expression 3.5-fold (p <0.001) in livers and 3.9-
fold (p<0.001) in kidneys.

We examined mRNA levels of several previously reported
Nrf2-responsive genes in the livers and kidneys of sickle mice
administered DMF or vehicle. The relative mRNA levels
of HO-1, FHC, haptoglobin, hemopexin, Nrf2, ferroportin,
glutamate—cysteine ligase catalytic subunit, glutathione S-
transferase alpha-2 (GSTA2), NAD(P)H dehydrogenase
[quinone]-1, glutathione S-transferase mu-1, and multidrug
resistance-associated protein-2 were enriched 1.7-4.4-fold in
the livers and 0.3-3.4-fold in the kidneys of DMF-treated
NY1DD mice (Table 1) and 1.9-3.5-fold in the livers and
0.14-20.5-fold in the kidneys of HbSS-Townes mice (Table 2).
DMF administration significantly increased mRNA levels for
all of the Nrf2-responsive genes evaluated in the livers of
NYIDD and HbSS-Townes mice, but not in the kidneys.
Glutathione S-transferases function in the detoxification of
electrophilic compounds and products of oxidative stress by
conjugation with glutathione. The GSTA class is the most
abundantly expressed glutathione S-transferases in the liver.
In addition to metabolizing bilirubin, GSTA exhibits gluta-
thione peroxidase activity, thereby protecting the cells from
reactive oxygen species and the products of peroxidation. We
examined protein expression for GSTA2 in the cytosol of
livers from HbSS-Townes mice. Cytosolic GSTA2 expres-
sion increased 4.8-fold (p<0.01) in the livers of mice ad-
ministered DMF relative to vehicle (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/ars).

HO-1 is a master anti-inflammatory gene and its expres-
sion is controlled in part by Nrf2. HO-1 expression is in-
creased in tissues of SCD mice and patients (6, 28, 33, 43).
Additional induction of HO-1 activity in SCD mice signif-
icantly inhibits markers of tissue inflammation and vaso-
occlusion (6, 9). In NY1DD mice, oral DMF administration
increased HO-1 expression 9.6-fold (p<0.001) in livers
(Fig. 3A) and 10.7-fold (p<0.001) in kidneys (Fig. 3B)
compared to vehicle-treated mice. Similarly, in HbSS-
Townes mice, DMF increased HO-1 expression 4.0-fold
(p<0.01) in livers (Fig. 3C) and 4.6-fold (p<0.05) in
kidneys (Fig. 3D). Hepatic HO-1 activity was increased
three to fivefold in DMF-treated sickle mice relative to
vehicle-treated mice (data not shown).
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DMF inhibits heme-induced vaso-occlusion (stasis) in sickle mice. (A) NY1DD (n=4/group) and (B) HbSS-

Townes (n=3/group) sickle mice with implanted dorsal DSFCs were administered DMF (30 mg/kg) or vehicle for 3 or 7
days, respectively. At baseline, on the last day of treatment, 20-30 flowing venules were selected and mapped using
intravital microscopy. After venule selection and mapping, heme (3.2 umol/kg) was infused into the tail vein. At 1 and 4h
after heme infusion, the same venules were re-examined to determine if they were flowing or not flowing (stasis). The
percent stasis was calculated at each time point. In one cohort of NY1DD mice (n=4) in (A), the HO-1 inhibitor, SnPP was
administered (40 umol/kg, i.p.) for 3 consecutive days before stasis measurement. Values are mean=SD. *p <0.001 for
DMF versus vehicle. DMF, dimethyl fumarate; DSFC, dorsal skinfold chamber; HO-1, heme oxygenase-1; SnPP, tin

protoporphyrin.

Iron, released from heme by HO-1, is ultimately placed as
ferric iron (Fe®™) in the core of ferritin. We previously
demonstrated that Sleeping Beauty-mediated overexpression
of FHC in humanized SCD mice inhibits inflammation and
vaso-occlusion independently of HO-1 activity (58). In
NY1DD mice, DMF administration increased FHC expres-
sion 2.7-fold (p<0.001) in livers (Fig. 4A) and 2.6-fold
(p=0.003) in kidneys (Fig. 4B) compared to vehicle-treated
mice. In HbSS-Townes mice, DMF increased FHC expres-
sion 10.2-fold (p<0.001) in livers (Fig. 4C) and 2.6-fold
(p<0.001) in kidneys (Fig. 4D).
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Plasma haptoglobin and hemopexin are depleted in SCD
mice and patients (41, 60). Infusion of purified haptoglobin or
hemopexin into SCD mice inhibits vaso-occlusion in un-
challenged SCD mice in the steady state and in SCD mice in
response to a hemoglobin challenge (5). We examined rela-
tive plasma haptoglobin and hemopexin levels in DMF- and
vehicle-treated mice. In NY1DD mice (Fig. 5A), DMF ad-
ministration increased plasma haptoglobin expression 2.1-
fold (p=0.023) and plasma hemopexin expression 3.5-fold
(p=0.002) compared to vehicle-treated mice. The induction
of haptoglobin and hemopexin was even greater in the plasma
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FIG. 2. DMF increases nuclear
Nrf2 expression in livers and
kidneys of sickle mice. (A, B)
NY1DD (rn=4/group) and (C, D)
HbSS-Townes (n=23/group) sickle
mice with implanted DSFCs were
administered DMF (30 mg/kg) or
vehicle for 3 or 7 days, respectively.
The mice were sacrificed, and the
livers and kidneys were removed
and frozen 4 h after the infusion of
heme and the measurement of sta-
sis. Liver and kidney nuclear ex-
tracts were isolated, run on Western
blots, and immunostained for Nrf2
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P % s (98kDa) and GAPDH (36kDa).
Nrf2, nuclear factor erythroid-2-re-
lated factor-2.
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TABLE 1. NY1DD MICE: ENRICHMENT OF GENE-SPECIFIC MRNA IN LIVERS AND KIDNEYS
OF DIMETHYL FUMARATE-TREATED MICE
Livers Kidneys
mRNA Fold enrichment p-Value Fold enrichment p-Value
HO-1 1.7 0.020 2.5 0.022
FHC 2.6 0.001 2.1 0.001
Haptoglobin 2.7 0.046 0.6 0.460
Hemopexin 2.5 0.023 0.3 0.020
Nrf2 2.7 0.004 1.7 0.043
Ferroportin 3.1 0.001 2.1 0.007
Glutamate—cysteine ligase catalytic subunit 33 0.001 1.8 0.009
GSTA2 34 0.032 2.1 0.222
NAD(P)H dehydrogenase [quinone]-1 3.8 0.008 34 0.023
Glutathione S-transferase Mu 1 38 0.001 29 0.002
Multidrug resistance-associated protein 2 44 0.001 1.9 0.001

Fold enrichment values are calculated as gene-specific mRNA to GAPDH ratios in DMF-treated organs divided by gene-specific mRNA
to GAPDH ratios in vehicle-treated organs. NY1DD (n=4/group) sickle mice with implanted DSFCs were administered DMF (30 mg/kg)

or vehicle for 3 days.

DMF, dimethyl fumarate; DSFC, dorsal skinfold chamber; FHC, ferritin heavy chain; GSTA2, glutathione S-transferase alpha 2; HO-1,

heme oxygenase-1; Nrf2, nuclear factor erythroid-2-related factor-2.

of HbSS-Townes mice (Fig. 5B), DMF increased plasma
haptoglobin expression 6.9-fold (p<0.01) and plasma he-
mopexin expression 3.5-fold (p=0.002). Despite increased
plasma haptoglobin and hemopexin expression in DMF-
treated mice, mean total plasma heme (Fig. 5C) concentra-
tions were not significantly different between treatment
groups in NY1DD and HbSS-Townes mice.

Since free heme can activate TLR4 signaling in tissues
leading to nuclear factor-kappa B (NF-xB) activation, in-
flammatory responses, and vaso-occlusion (5), we examined
the effects of DMF administration on TLR4 expression and
markers of inflammation. In NY1DD mice, DMF adminis-
tration inhibited hepatic TLR4 expression 2.9-fold (p=0.001)
compared to vehicle-treated mice (Fig. 6A). DMF adminis-
tration also inhibited hepatic NF-xB activation relative to
vehicle-treated mice as indicated by a decrease in nuclear
phospho-p65 expression 3.2-fold (p <0.001) compared to

vehicle-treated mice (Fig. 6B). Total nuclear p65 was sim-
ilar in both treatment groups. In concordance with inhibition
of NF-xB activation, adhesion molecules vascular cell adhe-
sion molecule-1 (VCAM-1), intercellular adhesion molecule-1
(ICAM-1), and E-selectin were decreased 2.5-4.1-fold in the
livers of DMF-treated NY 1DD mice (Fig. 6C).

Hepatic necrosis is a prominent pathologic feature in
mouse models of SCD. We administered DMF (~ 30 mg/kg/
day) or vehicle in the drinking water of HbSS-Townes mice
for 24 weeks and examined the effects of DMF on liver ne-
crosis (Fig. 7). Necrotic areas were delineated and their areas
measured. Examples of acute and chronic necrotic lesions in
vehicle- and DMF-treated mice are presented in Figure 7A
and B. Areas of these acute and chronic lesions in livers were
measured and expressed as a percentage of the total measured
areas. Sickle mice administered DMF had a mean necrotic
area of 0.9% compared to 2.1% in livers from vehicle-treated

TABLE 2. HBSS-TOWNES MICE: ENRICHMENT OF GENE-SPECIFIC MRNA IN LIVERS AND KIDNEYS
OF DIMETHYL FUMARATE-TREATED MICE

Livers Kidneys
mRNA Fold enrichment p-Value Fold enrichment p-Value
HO-1 2.6 0.042 1.7 0.070
FHC 35 0.004 1.8 0.030
Haptoglobin 1.9 0.045 0.14 0.180
Hemopexin 24 0.022 0.42 0.138
Nrf2 2.3 0.018 1.5 0.014
Ferroportin 2.7 0.008 2.0 0.065
Glutamate—cysteine ligase catalytic subunit 2.6 0.016 1.9 0.034
GSTA2 2.9 0.042 20.5 0.046
NAD(P)H dehydrogenase [quinone]-1 2.9 0.026 2.8 0.021
Glutathione S-transferase Mu 1 3.0 0.009 2.1 0.006
Multidrug resistance-associated protein 2 2.4 0.030 3.6 0.024

Fold enrichment values are calculated as gene-specific mRNA to GAPDH ratios in DMF-treated organs divided by gene-specific mRNA
to GAPDH ratios in vehicle-treated organs. HbSS-Townes (n=3/group) sickle mice with implanted DSFCs were administered DMF

(~30mg/kg) or vehicle for 7 days.
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FIG. 3. DMF increases HO-1 ex-
pression in livers and kidneys of
sickle mice. (A, B) NYIDD (n=4/
group) and (C, D) HbSS-Townes
(n=3/group) sickle mice with im-
planted DSFCs were administered
DMF (30 mg/kg) or vehicle for 3 or 7
days, respectively. The mice were
sacrificed, and the livers and kidneys
were removed and frozen 4 h after the
infusion of heme and the measurement
of stasis. Liver and kidney micro-
somes were isolated, run on Western
blots, and immunostained for HO-1
(32kDa) and GAPDH (36 kDa).

FIG. 4. DMF increases FHC in
livers and Kkidneys of sickle mice. (A,
B) NYIDD (n=4/group) and (C, D)
HbSS-Townes (n=3/group) sickle
mice with implanted DSFCs were
administered DMF (30 mg/kg) or ve-
hicle for 3 or 7 days, respectively. The
mice were sacrificed, and the livers
and kidneys were removed and frozen
4h after the infusion of heme and the
measurement of stasis. Liver and kid-
ney microsomes were isolated, run on
Western blots, and immunostained for
FHC (21kDa) and GAPDH (36 kDa).
FHC, ferritin heavy chain.
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sickle mice. Plasma was collected
from the abdominal aortas of an-
esthetized sickle mice without im-
planted DSFCs and heme infusion
before collection. (A) NY1DD (n=5/
group) and (B) HbSS-Townes (n=3/
group) sickle mice were administered
DMF or vehicle for 7 days. Plasma
was run on Western blots and im-
munostained for haptoglobin
(45 kDa), hemopexin (68 kDa), or IgG
(155kDa). (C) Total plasma heme
levels were also measured in NY1DD
and HbSS-Townes mice after 2 or 24
weeks of treatment, respectively.
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mice (Fig. 7C, p=0.039). DMF administration to HbSS-
Townes mice also decreased hepatic mRNA of proin-
flammatory cytokines IL-6, IL-1§, and IL-18 to 17%, 45%,
and 27% of vehicle-treated mice, respectively (Fig. 7D).
Cytoplasm contains a number of antioxidant enzymes. Mean
cytoplasmic levels of protein carbonyls, a marker of protein
oxidation, were 33% lower in DMF-treated HbSS-Townes
mice than vehicle-treated sickle mice (p<0.05, Supple-
mentary Fig. S2). Despite significant decreases in hepatic
necrotic areas, inflammatory cytokine mRNA, and protein
carbonyls, there was no significant difference in plasma as-
partate aminotransferase (AST), a marker of organ dysfunc-
tion, between DMF- and vehicle-treated mice (data not
shown). In other data not shown, hepatic 4-hydroxynonenal
(4-HNE), a marker of lipid peroxidation, and 24-h urinary 8-
hydroxydeoxyguanosine, a marker of DNA oxidation, were
both 30% lower in DMF-treated mice compared to vehicle,
but the differences were not significant (p=0.30 and p=0.12,
respectively). In addition, urinary creatinine was 27% lower
in DMF-treated mice compared to vehicle (p=0.167).
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Hematologic parameters were measured in HbSS-Townes
mice after 1 and 24 weeks of treatment with vehicle or DMF.
MMF, the primary metabolite of DMF, induces y-globin
expression and HbF production in cultured human erythroid
cells (46). At high enough concentrations, HbF can inhibit
hemoglobin S (HbS) polymerization and subsequent hemo-
lysis (53). HbSS-Townes mice have the human o and “yf°
globin genes and thus are genetically capable of expressing
human *y-globin and HbF. Oral administration of DMF to
HbSS-Townes mice for 24 weeks increased the percentage of
HbF-containing red blood cells (F-cells) to 8.8% compared to
4.2% in vehicle-treated mice (p=0.043; Table 3). The red
blood cells (RBC) displayed a wide variation in shapes
(poikilocytosis). The irregular shaped RBC, counted and
expressed as a percentage of total RBC, were markedly ele-
vated in HbSS-Townes mice. These irregular shapes included
teardrop > schistocyte > elliptocyte > bite > and sickle (37).
These irregular shaped RBC decreased from 25.3% in vehi-
cle-treated mice to 19.0% in DMF-treated mice (p<0.05).
Despite the modest increase in F-cells and decrease in



754
A NY1DD Liver
Vehicle DMF
v Veh #
caroH [ 2 S
- Fold
B
NF-kB

phospho-p65 =

NF-kB
Total p65

€ voms R

— —— — — — —

Veh *
DMF *p<.001

0 1 2 3 4
Fold

Veh *
" DMF *p<.001

o 1 2 3 4
Fold
? Veh *
ICAM-1 DMF *p=<.001
- . o 1 2 3 4 5

BELCHER ET AL.

FIG. 6. DMF decreases markers of
inflammation in livers of NY1DD
mice. NY1DD (n=4/group) sickle
mice with implanted DSFCs were ad-
ministered DMF (30 mg/kg) or vehicle
for 3 days. The mice were sacrificed,
and the livers were removed and frozen
4h after the infusion of heme and the
measurement of stasis. Liver subfrac-
tions were isolated, run on Western
blots, and immunostained for (A) mi-
crosomal TLR4 (95 kDa) and GAPDH
(36kDa), (B) nuclear phospho- and
total p65 NF-kB (65kDa), and (C)
microsomal VCAM-1 (100kDa),
ICAM-1 (99kDa), and E-selectin
(67kDa). ICAM-1, intercellular ad-
hesion molecule-1; NF-xB, nuclear
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irregular shaped RBC, markers of hemolysis, including he-
matocrit, percent reticulocytes, total plasma heme, plasma
lactate dehydrogenase (LDH), and spleen weight as a percent
of body weight (Table 3), were not significantly different
between DMF- and vehicle-treated HbSS-Townes mice after
1 or 24 weeks of treatment. Interestingly, there was an age-
related decline in hematocrits and an increase in reticulocytes
in both vehicle- and DMF-treated HbSS-Townes mice when
comparing mice 10 weeks of age to mice 28 weeks of age,
suggesting an age-related increase in RBC destruction
(p<0.05 for both treatment groups, Table 3). White blood
cell counts were markedly elevated, but not significantly
different between DMF- and vehicle-treated HbSS-Townes
mice. No differences were seen in plasma AST levels be-
tween DMF- and vehicle-treated mice (data not shown).

Discussion

DMF is an electrophilic thioreactive alkene (16, 24) that is
protective against electrophile toxicity and oxidative stress
(52). These studies demonstrate that the administration of
DMF to humanized mouse models of SCD inhibits heme-
induced vaso-occlusion in an HO-1-dependent manner, acti-
vates nuclear Nrf2 expression, and increases the transcription
and expression of Nrf2-responsive genes, including proteins
involved in hemoglobin, heme, and iron clearance, decreases
markers of inflammation, including TLR4, NF-xB activation,
adhesion molecule expression, and proinflammatory cyto-
kines, decreases necrotic lesions in livers, and increases cir-
culating F-cells without decreasing hemolysis.

The vasculature of SCD patients is bathed in heme for a
lifetime. Free heme promotes an activated proinflammatory,
proadhesive, and prothrombotic phenotype. Previous studies
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demonstrated that enhancing the degradation of heme by in-
creasing HO-1 activity was beneficial in murine models of
SCD (6, 9). HO-1 gene therapy targeted to the liver in SCD
mice inhibited vascular inflammation and vaso-occlusion in a
distally implanted DSFC (9). HO-1 polymorphism studies in
SCD children also supported a beneficial role for HO-1 (4). A
(GT)(n) dinucleotide repeat located in the promoter region of
the human HO-1 gene is highly polymorphic, with short repeat
lengths linked to increased HO-1 expression and a decreased
risk of acute chest syndrome in children with SCD. DMF is a
potent inducer of the Nrf2/HO-1 axis (20), and therefore, a
logical drug candidate for the treatment of SCD. The protec-
tion against vaso-occlusion afforded by DMF appeared to be
dependent on HO-1 activity, as SnPP, a potent inhibitor of HO-
1 activity, reversed the anti-vaso-occlusive properties of DMF
administration. Additional studies in HO-1-deficient sickle
mice are needed to confirm this observation.

DMF and its primary intestinal metabolite MMF can react
with cysteine-151 on Keapl/Nrf2 complexes in the cyto-
plasm (Fig. 8) (54). The most probable reaction is a Michael
addition of the nucleophilic sulfhydryl on Cysl151 to the
electrophilic alkene bond of MMF (21). Alkylation of the
Keapl sulthydryl allows dissociation and stabilization of
Nrf2, allowing Nrf2 to accumulate in the nucleus where it can
bind to AREs located in the regulatory regions of a battery of
cellular defense genes and thereby activate transcription of
those genes (64). HO-1, FHC, haptoglobin, hemopexin, and
multiple other antioxidant genes have been previously iden-
tified as Nrf2-responsive genes in studies comparing gene
expression in wild-type and Nrf2 null mice with and without
Nrf2 agonists (12, 14, 27, 50, 57, 62).

Extracellular hemoglobin in hemolytic patients is asso-
ciated with adverse clinical outcomes, such as vascular
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disease, inflammation, thrombosis, and renal injury. Ex-
tracellular hemoglobin can be transported into the extra-
vascular space, catalyze pro-oxidative and hypertensive
reactions, and release heme. Sequestration of extracellular
hemoglobin with haptoglobin in animal models prevents
hemoglobin-induced hypertension, oxidant damage to the
kidney, and markedly inhibits vaso-occlusion in SCD mice
(11, 30, 49). However, haptoglobin levels are depleted in
SCD (41, 60); interventions to increase plasma haptoglobin
levels in SCD patients may be beneficial by preventing
oxidative reactions with hemoglobin and the release of free
heme into the vasculature (5, 39, 49).

Plasma hemopexin is capable of abrogating all of the pro-
oxidative, proinflammatory, and procoagulant effects of
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cell-free heme (2, 3, 5, 22, 25, 34, 56, 60). Hemopexin is
produced in the liver and circulates in plasma. Hemopexin
has the highest affinity for heme (K4 < 10™"?) of any known
protein and can remove heme from lower affinity plasma
proteins like albumin (40). Unlike albumin-heme com-
plexes, hemopexin—heme complexes do not activate proin-
flammatory TLR4 signaling (5) and are safely removed
from the plasma by low-density lipoprotein receptor-related
protein 1 (LRP1/CD91) receptors on hepatocytes and
macrophages (26). However, like haptoglobin, plasma he-
mopexin levels are depleted in SCD patients and mice (41,
60). Hemopexin supplementation in SCD mice prevents
heme-induced endothelial toxicity (60). Like haptoglobin,
therapies such as DMF that increase plasma hemopexin
levels may be beneficial in SCD patients and other hemo-
Iytic conditions by delivering heme safely to the liver and
subsequently inducing hepatic Nrf2 and HO-1 (59). The
lack of induction of haptoglobin and hemopexin mRNA in
the kidneys (Tables 1 and 2) probably reflects the dominant
role of the liver in their synthesis.

Why did increased plasma haptoglobin and hemopexin
levels not result in decreased plasma heme? The method used
to measure plasma heme levels measures total plasma heme,
including heme bound to microparticles, hemoglobin, albu-
min, haptoglobin, and hemopexin (unpublished data). We also
measured the heme concentration in protein-depleted plasma
(MW <3 kDa) from mice treated with vehicle and DMF. The
mean+SD plasma protein-free heme concentrations were
2.48+1.45 uM in vehicle-treated mice and 2.77+1.01 uM in
DMF-treated mice. The mean difference was not significantly
different. The low levels of protein-depleted heme in plasma
are not surprising because free heme is relatively insoluble in
water or physiological solutions (19). Plasma hemoglobin and
heme levels reflect only a snapshot in time and do not reflect
the rapid throughput of heme from the RBC to the tissues,
which occurs continuously in SCD. These data shed no light on
the production and clearance rates of plasma hemoglobin,

FIG.7. Chronic DMF administration decreases hepatic
necrosis in livers of sickle mice. HbSS-Townes (n=4/
group) sickle mice were treated with oral DMF (~ 30 mg/
kg/day) or vehicle in drinking water for 24 weeks, be-
ginning at 4 weeks of age. Liver sections were stained
with hematoxylin and eosin. (A) ‘‘Acute’ infarcts were
defined as eosinophilic areas of coagulative necro-
sis without significant reactive cellular infiltrates, re-
flecting relatively recent acute or subacute necrosis. (B)
“Chronic’’ infarcts were somewhat less clearly delineated
and comprised infiltrates of mononuclear cells (lympho-
cytes and macrophages) along with variable degrees of
fibroplasia and fibrosis. (C) Areas of acute and chronic he-
patic necrosis were measured, combined, and averaged for
each liver. Each box plot represents the minimum box plot
represent the minimum, first quartile, median, third quartile,
and maximum. *p =0.039 for DMF versus vehicle. (D) Hepatic
mRNA levels of proinflammatory cytokines IL-6, IL-1f, and
IL-18 are expressed relative to 18S rRNA. *p <0.05 for DMF
versus vehicle. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub
.com/ars
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TABLE 3. HEMATOLOGIC PARAMETERS IN DIMETHYL FUMARATE AND VEHICLE-TREATED HBSS-TOWNES MICE
Duration
1 week 24 weeks
Treatment
Vehicle DMF Vehicle DMF
Age (weeks) 10 10 28 28
F-Cells n.d. n.d. 42+1.3 8.8+3.3%
Hematocrit (%) 35.3+3.8 348422 23.5+2.6" 22.0+1.7°
Reticulocytes (%) 37.2%£6.0 41.0+£4.0 57.6+11.2° 65.4+11.5°
Irregular shaped RBC (%) n.d. n.d. 25.3£0.5 19.0+1.4%
Total plasma heme (uM) 46.6+154 46.8+13.2 39.0+154 40.8+12.0
Plasma hemoglobin (g/L) 0.14£.09 0.28+0.17 0.24+0.14 0.17£.06
Plasma LDH (mU/ml) 170+7 170+25 156121 135+36
Spleen (% body weight) n.d. n.d. 6.8+1.1 7.2+1.0
White counts (cells/ul x107) 32.7+14.7 32.1+13.3 24.9+6.8 28.9+10.4

HbSS-Townes mice were administered DMF (30 mg/kg/day; n=4 mice) or vehicle (0.08% methyl cellulose; n=4 mice) in drinking
water for 24 weeks beginning at 4 weeks of age. Erythrocytes containing fetal hemoglobin (F-cells) were stained on blood smears by the
Kleihauer-Betke method. Markers of hemolysis were measured, including packed RBC volume (hematocrit), reticulocytes, and spleen

weight as a percentage of body weight. Values are mean+ SD.
4p<0.05, vehicle versus DMF
®p<0.05 10 weeks versus 28 weeks of age.

LDH, lactate dehydrogenase; n.d., not determined; RBC, red blood cells.

haptoglobin, heme, or hemopexin. One possible explanation
for unchanged plasma hemoglobin and heme levels despite
increased haptoglobin and hemopexin is that the net input
(hemolysis) and output (clearance) of plasma hemoglobin and
heme were unchanged in DMF-treated sickle mice. The in-
creased levels of plasma haptoglobin and hemopexin may
provide a sink or vehicle to deliver plasma hemoglobin and
heme safely to macrophages and the liver for degradation
without activating the vessel wall (5, 39, 60, 61) and without
necessarily increasing the plasma clearance rate. In contrast,
when haptoglobin and hemopexin are depleted, hemoglobin
and heme are more oxidatively reactive and able to promote
proinflammatory responses in the vessel wall. Thus, the plas-
ma heme that was circulating in DMF-treated sickle mice may
have been rendered less reactive with the vessel wall, but
without faster clearance rates. However, another possible in-
terpretation is that plasma heme is irrelevant to the cytopro-
tection afforded by DMF. This latter interpretation seems
unlikely, given the number of studies that have shown that
HO-1 overexpression and heme degradation products, carbon
monoxide and biliverdin, are cytoprotective in SCD and other
inflammatory conditions.

Limiting hemolysis and the release of hemoglobin and heme
into the vasculature is beneficial in SCD (45). Hydroxyurea,
the only drug approved to date for treating SCD, works, in part,
by inducing y-globin and HbF expression, which replaces -
globin and HbS in erythrocytes, thereby inhibiting hemolysis
(53). HbSS-Townes mice were created by knocking in human
o and “pp° globins and thus are genetically capable of ex-
pressing human “y-globin and HbF. MMF, the primary me-
tabolite of DMF, can induce y-globin and HbF production in
cultured human erythroid cells (46). In addition, Nrf2 can
activate HbF production in human hematopoietic cells (38).
Thus, chronic treatment of HbSS-Townes mice with DMF has
the potential to improve hematological parameters by in-
creasing circulating F-cells and limiting hemolysis. A chronic

dosing study was carried out to evaluate long-term effects of
DMF in improving disease parameters and anemia in HbSS-
Townes mice. Administration of DMF in drinking water to
HbSS-Townes mice for 24 weeks (~ 30 mg/kg/day) increased
F-cells to 8.8% compared to 4.2% in vehicle-treated mice
(p=0.043), but did not alter hematocrits, reticulocyte counts,
plasma LDH, or spleen weights, indicating that (i) the level
of F-cells attained was not sufficient to significantly inhibit
hemolysis as was recently described (53) and (ii) the anti-
inflammatory effects of DMF were not attributable to a
decrease in hemolysis. Furthermore, NY1DD mice do not
have a y-globin gene and do not express HbF; thus, the anti-
inflammatory effects of DMF in NY1DD sickle mice cannot
be attributed to induction of F-cells. The effect of DMF on
F-cells, hemolysis, inflammation, and vaso-occlusive crises in
human SCD patients has yet to be determined. It is possible
that higher doses of DMF or other Nrf2 activating agents may
achieve the desired levels of circulating F-cells in SCD.
While the protein(s) responsible for the cytoprotective
effects of DMF on vaso-occlusion and hepatic necrosis in
SCD mice cannot be precisely determined, these effects of
DMF in sickle mice are likely attributable to induction of
HO-1 and other Nrf2-responsive genes. Definitive studies
directly linking the protective effects of DMF in SCD mice
to Nrf2 activation and HO-1 activity would require DMF
administration to Nrf2 and HO-1-deficient sickle mice. It
has previously been demonstrated that DMF loses its cy-
toprotective effects on the nervous system when adminis-
tered to Nrf2-deficient mice, thus proving the functional
relevance of Nrf2 for the neuroprotective mechanism of
action (36). Recently, investigators in Japan reported Nrf2
activation by ablation of its negative regulator, Keapl,
which significantly inhibited inflammatory cytokines and
adhesion molecule expression in SCD mice and reduced
hepatic necrosis without inhibiting hemolysis or prolonging
the life span of sickle RBC (31). However, the same
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investigators reported a modest decrease in plasma heme
levels in Keap1 ablated sickle mice, which were not seen in
our studies. The reason for this difference is unclear, but
could potentially be related to the dissimilar methods used
for Nrf2 activation.

We propose that DMF may be an effective agent to prevent
sickle crises through induction of HO-1, haptoglobin, he-
mopexin, FHC, and other anti-inflammatory proteins leading
to inhibition of vaso-occlusion. These data combined with the
modest induction of F-cells in SCD mice make DMF an ideal
candidate for clinical trials in SCD patients.

Materials and Methods
Mice

All animal experiments were approved by the University
of Minnesota’s Institutional Animal Care and Use Commit-
tee. These studies utilized male and female NY1DD (17) and
HbSS-Townes (65) transgenic sickle mice, age 8—14 weeks,
with weights between 20 and 30 g, housed in SPF cages on a
12-h light/12-h dark cycle at 21°C. Chronic DMF dosing
studies used HbSS-Townes mice beginning DMF or vehicle
treatments at 4 weeks of age until 28 weeks of age. All ani-
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mals were monitored daily, including weekends and holidays
for health problems, food and water levels, and cage condi-
tions. The NY1DD and HbSS-Townes mice are on C57BL/6
and mixed genetic backgrounds, respectively. The NY1DD
mice are homozygous for deletion of the mouse ™" globin
and express a human o and ° globin transgene. The NY 1DD
mouse does not have a human y-globin transgene. NY1DD
mice have no anemia and a RBC half-life of 7 days (un-
published data). The HbSS-Townes mice were created by
knocking in human o and “yf° globins into the sites where
murine o and f# globins were knocked out. HbSS-Townes
mice have severe anemia and an RBC half-life of 2.5 days (7).

Oral DMF administration

The DMF used for these studies was purchased from Alfa
Aesar, (cat no. A10402) or was a generous gift from Biogen.
The vehicle (0.08% methyl cellulose) was obtained from
Sigma-Aldrich (cat no. M7027). The vehicle was warmed to
37°C before dissolving the DMF at a final concentration of
1.5 mg/ml. NY1DD mice were gavaged with DMF (15 mg/kg
body weight twice daily) or vehicle for 3 or 7 days as indicated.
In chronic studies, DMF (0.15 mg/ml) or vehicle (0.08% me-
thyl cellulose) was placed in the animals’ drinking water for 24
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weeks as indicated. Providing DMF in drinking water for the
chronic studies was likely less stressful than gavage. Fluid
consumption was measured twice weekly. Mice drank the
same volume of DMF and vehicle as mice given plain drinking
water (~5 ml/day). This dose in drinking water (0.75 mg/day)
in an average mouse weighing 0.025kg is equivalent to the
same dose administered to NY1DD mice by gavage (30 mg/
kg). This dose (30 mg/kg) in mice is equivalent to a dose of
2.4mg/kg in human adults using the body surface area nor-
malization method (47). This is equivalent to the re-
commended starting dose of Tecfidera (120 mg twice a day)
for multiple sclerosis patients. Regardless of the method or
period of administration, DMF and vehicle appeared to be well
tolerated; none of the mice administered DMF experienced
any adverse events or death during treatment.

Measurement of vaso-occlusion (stasis)

Sickle mice were implanted with DSFCs as previously de-
scribed (29). Three days later, mice with DSFCs were an-
esthetized with a mixture of ketamine (106 mg/kg) and xylazine
(7.2mg/kg), placed on a special intravital microscopy stage, and
20-30 flowing subcutaneous venules in the DSFC window were
selected and mapped. After venule selection and mapping, he-
min chloride (0.267 mM; Frontier Scientific), dissolved in sterile
saline containing sodium carbonate (1.14 mM; Sigma-Aldrich)
and D-sorbitol (0.96 mM; Sigma-Aldrich), was filtered (0.2 ym)
and infused into the tail veins of mice (0.012 ml/kg, 3.2 umol
heme/kg body weight). All of the selected venules were re-
examined at 1 and 4 h after hemin infusion, and the number of
static (no flow) venules was counted and expressed as percent
stasis. After the 4 h stasis measurement, mice were euthanized in
a CO, atmosphere and the liver and kidneys were removed, flash
frozen, and stored at —85°C. In one stasis experiment in DMF-
treated NY1DD mice, HO-1 activity was inhibited by admin-
istration of SnPP (40 umol/kg, i.p.) for 3 consecutive days with
the third SnPP dose given 1 h before hemin infusion.

Quantitative RT-PCR

Total RNA was extracted from tissues (~30mg) using
RNeasy Mini kit (Qiagen). RNA was digested with RNase-
free DNase I (Roche) to remove any contaminating DNA,
and the DNase I was heat-inactivated by incubation at 75°C
for 10 min. cDNA was generated from 500 ng RNA using
gScript cDNA Supermix (Quanta BioSciences). gPCR was
performed in triplicate once or twice on a LightCycler 480
(Roche) using FastStart Universal SYBR Green Master
(Roche). Primer sequences used are provided in Supple-
mentary Table S1.

Isolation of organ subcellular fractions
and Western blots

Microsomes and nuclear extracts were isolated as de-
scribed (9) from the livers and kidneys of DMF- and vehicle-
treated mice. Cytosolic supernatants were collected after
pelleting of liver microsomes at 105,000 g. The protein
concentrations of organ subcellular fractions were measured
with a Bradford dye-binding assay (Bio-Rad), and 30 ug of
protein from the indicated fractions was run on SDS-PAGE
for Western blots. Blots of subcellular fractions were im-
munostained with primary antibodies to Nrf2 (Cell Signaling
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no. 8882), GSTA2 (Abcam no. ab135709), HO-1 (Enzo no.
ADI-OSA-111), FHC (Origene no. TA301280), haptoglobin
(Abcam no. 135835 or Proteintech no. 16665-1-AP), hemo-
pexin (BioVision no. 3899-200), phospho (Ser536, Cell
Signaling no. 3031) and total (Cell Signaling no. 3034) NF-
kB p65, VCAM-1 (Abcam no. ab174279), ICAM-1 (Abcam
no. ab124759), E-selectin (BioVision, no. 3631), and TLR4
(Antibodies-online no. ABIN361724). Bound primary anti-
bodies were labeled with goat anti-rabbit secondary anti-
bodies conjugated to alkaline phosphatase (Santa Cruz no.
SC-2007) and visualized with ECF™ substrate (GE Health-
care) and a Storm™ Reader (GE Healthcare). Blots were
stripped with Restore Stripping Buffer (Thermo Scientific)
and reprobed with rabbit anti-GAPDH (Sigma-Aldrich no.
G9545) as a loading control.

Plasma samples were run on SDS-PAGE for Western blots
using 1 ul of each plasma sample per lane. The blot was
immunostained for mouse haptoglobin (R&D Systems no.
AF4409) or hemopexin (R&D Systems no. MAB7007). The
primary antibodies were visualized with donkey anti-sheep or
goat anti-rat IgG conjugated to alkaline phosphatase (Santa
Cruz no. SC-2474 or no. SC-2021). Blots were visualized
with ECF substrate, stripped as described above, and re-
probed with goat anti-mouse IgG conjugated to alkaline
phosphatase (Santa Cruz no. SC-2008) as a loading control.
Immunoreactive bands on images were quantitated using
Image] software (NIH). Enrichment of bands was measured
by calculating the ratios of DMF to vehicle band intensities.

Histology and histomorphometry

Livers were fixed in 10% neutral buffered formalin.
Formalin-fixed livers were cut into several 2-3 mm thick
sections, processed through a series of alcohols of increas-
ing concentration and xylene, embedded in paraffin, and
4 um thick sections were cut and stained with hematoxylin
and eosin. For quantification of hepatic infarcts and necro-
sis, digital images of liver were taken with a Spot Insight 4
MP CCD Scientific Color Digital camera (Diagnostic In-
struments) mounted on a Nikon E-800 microscope. “‘Acute’
and ““chronic” infarcts were delineated and their areas mea-
sured using Image-Pro Plus version 6.2 (Media Cybernetics).
Acute infarcts were defined as eosinophilic areas of coagula-
tive necrosis without significant reactive cellular infiltrates,
reflecting relatively recent acute or subacute necrosis. Chronic
infarcts were somewhat less clearly delineated and comprised
infiltrates of mononuclear cells (lymphocytes and macro-
phages) along with variable degrees of fibroplasia and fibrosis;
these lesions were interpreted to represent various stages of
removal and repair of the regions of acute infarction. Areas of
acute and chronic necrosis were combined for analysis.

Blood collection

Blood was collected for measurement of F-cells, hemato-
crits, reticulocytes, and plasma haptoglobin and hemopexin.
NY1DD and HbSS-Townes mice without DSFCs were ad-
ministered DMF or vehicle in their drinking water for indi-
cated times. At the end of treatment, mice were anesthetized
with a mixture of urethane (1 g/kg) and alpha-chloralose
(100 mg/kg). Heparinized blood was collected from the ab-
dominal aorta and placed on ice before processing. Plasma
was isolated by centrifugation and frozen at —85°C.



DIMETHYL FUMARATE AND SICKLE CELL DISEASE

Plasma hemoglobin and heme

Plasma hemoglobin was measured spectrophotometrically
by the Fairbanks AIl method (18). Total plasma heme levels
were measured colorimetrically at 400 nm using a Quanti-
Chrom™ Heme Assay Kit (BioAssay Systems). This method
measures total plasma heme, including heme bound to mi-
croparticles, hemoglobin, albumin, haptoglobin, and hemo-
pexin (unpublished data). In some experiments, we used the
same heme assay to measure heme in plasma that was sub-
jected to a second spin through a Microcon YM-3 column
(EMD Millipore) at 20,000 g at 4°C, for 2h to prepare a
protein-depleted plasma fraction devoid of molecules of MW
>3 kDa as previously described (22).

F-cells

Heparinized whole blood was collected from the abdom-
inal aorta of male and female HbSS-Townes mice adminis-
tered DMF (~ 30 mg/kg/day; n=4 mice) or vehicle (0.08%
methyl cellulose; n=4 mice) in drinking water for 24 weeks
beginning at 4 weeks of age. F-cells were stained on blood
smears by the Kleihauer—Betke method (32) using a fetal cell
stain kit (Simmler) according to the manufacturer’s instruc-
tions. F-cells and total erythrocytes were counted in 4 sepa-
rate microscopic fields at 100x magnification for each mouse.
The F-cells were expressed as a percentage of total erythro-
cytes. Human fetal cord blood was used as a positive control.

Hematocrits

Percent packed RBC (% hematocrits) were measured in
capillary tubes using the same heparinized blood described
above using a microcapillary reader (IEC) after centrifuga-
tion in a microcapillary centrifuge (IEC).

Reticulocytes

Reticulocytes were measured using the same heparinized
blood described above. Blood smears were stained with
methylene blue. Reticulocytes, identified by their DNA
staining, and total erythrocytes were counted in four separate
microscopic fields for each mouse. Reticulocytes were ex-
pressed as a percentage of total erythrocytes.

Irregular shaped RBC

Blood smears from HbSS-Townes mice were stained with
Wright’s stain, and three representative fields per slide were
photographed under a microscope at 100X magnification.
Irregular and normal shaped RBC were counted (mean =99
115 cells/slide) and the irregular shaped RBC were ex-
pressed as a percentage of total RBC. The irregular shaped
RBC included teardrop, schistocyte, elliptocyte, bite, and
sickle cells (37).

Plasma LDH and AST

Plasma LDH and AST enzyme activities were measured in
plasma from HbSS-Townes mice after 24 weeks of treatment
with DMF or vehicle using kits from Sigma-Aldrich.

Urine creatinine

Twenty-four-hour urine samples were collected from
HbSS-Townes mice after 22 weeks of treatment with DMF or
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vehicle in drinking water. Mice had access to the DMF or
vehicle drinking water during the 24-h collection period.
Creatinine was measured in urine samples using a kit from
BioAssay Systems.

Markers of oxidative stress

Protein carbonyls and 4-HNE were measured in liver
subfractions, and 8-hydroxydeoxyguanosine was measured
in 24-h urine samples.

White counts

The total white blood cell counts were counted manually
using a hemocytometer.

Statistics

Analyses were performed with SigmaStat 3.5 for Windows
(Systat Software). Comparisons of multiple treatment groups
were made using one-way analysis of variance (ANOVA)
(Holm-Sidak method). For comparing two groups, an un-
paired #-test was used for groups with normal distributions
and a Mann—Whitney rank sum test was used for groups that
failed the normality test.
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Abbreviations Used

4-HNE = 4-hydroxynonenal
ANOVA = analysis of variance
ARE = antioxidant response element
AST = aspartate aminotransferase
DMF = dimethyl fumarate
DSFC = dorsal skinfold chamber
F-cells = hemoglobin F-containing red blood cells
FHC = ferritin heavy chain
GSTA2 = glutathione S-transferase alpha 2
HbF = hemoglobin F
HbS =hemoglobin S
HO-1 =heme oxygenase-1
ICAM-1 = intercellular adhesion molecule-1
Keapl =kelch-like ECH-associated protein 1
LDH = lactate dehydrogenase
LRP1/CD91 = low-density lipoprotein
receptor-related protein 1
MMF = monomethyl fumarate
NF-xB = nuclear factor-kappa B
Nrf2 = nuclear factor erythroid-2-related
factor-2
RBC =red blood cells
SCD =sickle cell disease
SnPP = tin protoporphyrin
TLR4 = toll-like receptor 4
VCAM-1 = vascular cell adhesion molecule-1




