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Abstract

Aims: The goal of this study was to use two manganese (Mn)-based superoxide dismutase (SOD) mimics to test
the hypothesis that reactive oxygen species contribute to both acute and long-term outcomes in a galactose-1P
uridylyltransferase (GALT)-null Drosophila melanogaster model of classic galactosemia. Results: We tested the
impact of each of two Mn porphyrin SOD mimics, MnTnBuOE-2-PyP5+, and MnTE-2-PyP5+, (i) on survival of
GALT-null Drosophila larvae reared in the presence versus absence of dietary galactose and (ii) on the severity of
a long-term movement defect in GALT-null adult flies. Both SOD mimics conferred a significant survival benefit
to GALT-null larvae exposed to galactose but not to controls or to GALT-null larvae reared in the absence of
galactose. One mimic, MnTE-2-PyP5+, also largely rescued a galactose-independent long-term movement defect
otherwise seen in adult GALT-null flies. The survival benefit of both SOD mimics occurred despite continued
accumulation of elevated galactose-1P in the treated animals, and studies of thiolated proteins demonstrated that
in both the presence and absence of dietary galactose MnTE-2-PyP5+ largely prevented the elevated protein
oxidative damage otherwise seen in GALT-null animals relative to controls. Innovation and Conclusions: Our
results confirm oxidative stress as a mediator of acute galactose sensitivity in GALT-null Drosophila larvae and
demonstrate for the first time that oxidative stress may also contribute to galactose-independent adult outcomes
in GALT deficiency. Finally, our results demonstrate for the first time that both MnTnBuOE-2-PyP5+ and MnTE-
2-PyP5+ are bioavailable and effective when administered through an oral route in a D. melanogaster model of
classic galactosemia. Antioxid. Redox Signal. 20, 2361–2371.

Introduction

Classic galactosemia is a potentially lethal, autosomal
recessive disorder that results from profound deficiency

of galactose-1-phosphate uridylyltransferase (GALT), the
middle enzyme in the Leloir pathway of galactose metabolism
(Fig. 1) (16). Most infants with classic galactosemia are born

apparently healthy, but after exposure to breast milk or a
milk-based formula, which contains large amounts of galac-
tose, suffer a rapid and devastating demise. Early diagnosis
by population newborn screening, coupled with immediate
and rigorous dietary restriction of galactose, prevents or re-
solves the acute sequelae of classic galactosemia; however,
significant complications appear later in childhood for many
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patients. These include speech and/or cognitive disabilities,
behavioral issues, difficulties with movement, and ovarian
insufficiency, among other problems. Although profound
GALT deficiency has been the recognized biochemical basis of
classic galactosemia for more than 50 years (22), the mecha-
nisms that underlie the acute and long-term sequelae of this
disorder remain unknown.

Recently, we created a GALT-null Drosophila melanogaster
model of classic galactosemia that, like patients, dies in de-
velopment after exposure to high levels of galactose but is
rescued by dietary galactose restriction (27). These animals
also demonstrate a long-term movement defect that, like long-
term complications in patients, appears to be independent of
galactose exposure during development (41). Of note, both
the acute and long-term defects observed in GALT-null Dro-
sophila are rescued by expression of a human GALT transgene.
This GALT-null fruit fly is the only whole animal genetic
model reported to date that mimics outcomes reminiscent of
classic galactosemia.

Previous studies from other groups have demonstrated
that galactose exposure of mammalian cells in culture in-
creases oxygen consumption and reliance on mitochondrial
function (32), while galactose exposure of genetically wild-
type animals, including fruit flies, rodents, and dogs, results
in heightened oxidative stress and negative cognitive and
physiological outcomes (9,14,43). Motivated by this literature
trail, we previously tested whether oxidative stress might also

contribute to the galactose sensitivity of GALT-null Drosophila
(25). In brief, we exposed GALT-null and control Drosophila
larvae to foods that either did or did not contain galactose,
and also that either did or did not contain varying levels of
known oxidants and antioxidants. We found that each of two
oxidants tested, paraquat (1,1¢-dimethyl-4-4¢-bipyridinium
dichloride) (6) and dimethyl sulfoxide (20), heightened the
galactose sensitivity of GALT-null larvae at concentrations
that showed no impact on controls, while each of two anti-
oxidants tested, vitamin C (13,39) and a-mangostin (8,29),
decreased the galactose sensitivity of GALT-null larvae at
concentrations that showed no impact on controls. Biochem-
ical studies, including measurement of oxidized and reduced
glutathione (GSSG and GSH) and cysteine/cystine, demon-
strated that galactose exposure caused heightened oxidative
stress, especially in GALT-null animals (25), and quantitative
real-time polymerase chain reaction studies of cDNA dem-
onstrated a dramatic induction of transcript levels for two
glutathione S-transferase genes (GSTD6 and GSTE7) (25) in-
volved in oxidative signaling and response (1,31). These data
illustrated the connection between galactose exposure and
oxidative stress in Drosophila, and raised the intriguing pos-
sibility that GALT deficiency might magnify that connection.
However, this prior work did not address the potential role of
oxidative stress as a candidate mediator of the galactose-
independent long-term complications experienced by galac-
tosemia patients or GALT-null Drosophila.

Here we have extended from our previous work, testing
the role of oxidative stress as a candidate mediator of both
acute and long-term outcomes in GALT-null fruit flies. Speci-
fically, we tested the impact of oral exposure of GALT-null
larvae to each of two small molecule superoxide dis-
mutase (SOD) mimics: manganese(III) meso-tetrakis(N-bu-
toxyethylpyridinium-2-yl)porphyrin (MnTnBuOE-2-PyP5 + ,
BMX-001) and manganese(III)meso-tetrakis(N-ethylpyridin-
ium-2-yl)porphyrin (MnTE-2-PyP5 + , AEOL10113). These
Mn porphyrins act in a variety of mammalian cells and
whole animal contexts as potent SOD mimics that (i) catalyze
superoxide dismutation as seen with endogenous SODs, (ii)
are widely bioavailable, and (iii) are relatively nontoxic (2).
The cationic properties of Mn porphyrins favor their accu-
mulation in critical intracellular compartments, including
mitochondria, and promote binding to electron rich anionic
reactive species enabling them to scavenge superoxide,
peroxynitrite, and other free radicals (2).

In our experiments described here, oral treatment with
MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 + each provided sig-
nificant survival benefit to GALT-null Drosophila larvae ex-
posed to dietary galactose during development. This survival
benefit was seen independent of changes in the accumulation
of galactose-1-phosphate (gal-1P) but in parallel with changes
in the levels of protein-bound glutathione and cysteine, two
markers of protein oxidative damage in cells (12). Of note,
10 lM MnTE-2-PyP5 + also significantly rescued a movement
defect otherwise seen in adult GALT-null Drosophila and, like
the movement defect itself, this rescue was independent of
exposure to dietary galactose. Combined, these results con-
firm oxidative stress as a mediator of the acute galactose
sensitivity of GALT-null Drosophila larvae and for the first
time also implicate oxidative stress as a modifier of the long-
term, galactose-independent complications associated with
GALT deficiency.

FIG. 1. The Leloir pathway of galactose metabolism.
Galactose 1-phosphate uridylyltransferase (GALT), the
middle enzyme in the pathway, is profoundly impaired in
patients with classic galactosemia. The three enzymes of the
Leloir pathway, galactokinase (GALK), GALT, and UDP-
galactose 4¢-epimerase (GALE), are indicated together with
the names of their encoding genes in Drosophila melanogaster.

Innovation

The results reported here are significant in terms of
their contribution to explaining the molecular pathogen-
esis of galactose sensitivity and long-term outcome in a
Drosophila melanogaster model of classic galactosemia.
Our findings also extend what is known about the impact
of manganese porphyrin superoxide dismutase mimics
provided via an oral route in Drosophila. Finally, our re-
sults highlight the potential role of protein-bound thiols
as candidate markers of disease in galactose-1P ur-
idylyltransferase deficiency.
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Results

Small molecule Mn-based mimics of SOD improve
survival of GALT-null Drosophila larvae exposed
to galactose during development

We tested the impact of each of two small molecule SOD
mimics, MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 + (2), on the
survival rates of GALT-null and control Drosophila larvae
reared in the presence versus absence of dietary galactose. In
foods containing 555 mM glucose plus 200 mM galactose,
both MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 + increased the
survival rates of GALT-null larvae to adulthood by 30% to
50% ( p < 0.01, Fig. 2 shaded bars); there was no significant
impact of either SOD mimic on the survival rates of control
larvae reared under comparable conditions (Fig. 2, open bars).
Similarly, there was no significant impact of either SOD mimic
on GALT-null or control larvae reared in the absence of die-
tary galactose (Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/ars).

A small molecule Mn-SOD mimic largely rescues
a galactose-independent movement defect in adult
GALT-null Drosophila

Previously, we demonstrated that adult GALT-null Droso-
phila exhibit a movement abnormality that is independent of
dietary exposure to galactose (41). That this long-term defect
in GALT-null flies occurs despite complete and life-long die-
tary restriction of galactose mirrors what is seen with long-
term complications in patients with classic galactosemia (16).
That these phenotypes are galactose independent also raises
the important question of whether the mechanisms that un-
derlie the long-term complications of GALT deficiency might
be different from those that underlie the acute galactose sen-
sitivity of both human infants with classic galactosemia and
GALT-null Drosophila larvae.

To test this possibility, we explored the impact of dietary
MnTE-2-PyP5 + (TE) exposure on a movement defect in
GALT-null flies using a modified simple climbing assay (see
‘‘Materials and Methods’’ section). To accentuate the differ-
ence in climbing ability between control and GALT-null ani-
mals, in this assay we incubated all flies at 39�C for 25 min
immediately before testing (see ‘‘Materials and Methods’’
section). In the absence of TE the fraction of GALT-null flies
that climbed above a designated mark in the allotted time was
approximately half that seen for control animals; as expected
(41) this same result was observed regardless of whether or
not the animals were exposed to sublethal levels of dietary
galactose in development (Fig. 3, shaded bars). However, the
addition of 10 lM TE to the fly food significantly increased the
fraction of GALT-null flies that climbed past the designated
mark in the assay ( p = 0.0237); again, this result was inde-
pendent of sublethal galactose exposure. Of note, the same
level of TE exerted no significant impact on the movement
phenotype of control animals (Fig. 3, open bars).

We also conducted a limited test of the developmental
window of TE’s influence on long-term outcome in GALT-
null Drosophila. In brief, instead of exposing GALT-null ani-
mals to TE as larvae and also as adults, as was the case above,
we reared all of the larvae in the absence of TE, and then
exposed a subset of newly eclosed male adults to food con-
taining TE for 2 days before testing; the remaining animals

continued to eat food lacking TE. Considering the nature of
the outcome defect (impaired climbing ability) and the po-
tential roles of both development and short-term energy me-
tabolism as candidate modifiers of that outcome, it was not
immediately obvious which time period, larval versus adult,
might be the more susceptible to the apparent rescue.
Climbing assays performed on both cohorts clearly

FIG. 2. Impact of small molecule superoxide dismutase
mimics MnTnBuOE-2-PyP51 and MnTE-2-PyP51 on sur-
vival of control and GALT-null Drosophila larvae exposed
to galactose. Relative survival of control (open bars) and
GALT-null (shaded bars) Drosophila larvae reared on foods
that contained both 555 mM glucose and 200 mM galactose
in the absence versus presence of the indicated levels of
MnTnBuOE-2-PyP5 + (A) and MnTE-2-PyP5 + (B). Values
plotted represent average – standard error of the mean. The
number of cohort replicates for each experimental condition
is indicated in parenthesis above the corresponding bar.
Relative survival of each cohort was calculated as the ratio of
the number of larvae surviving to adulthood from that
cohort over the number of control (GALT +/+ ) larvae sur-
viving to adulthood in the same food lacking additive. Sig-
nificant differences are indicated. Corresponding data for
larvae raised in the absence of galactose are presented in
Supplementary Figure S1.
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demonstrated that short-term exposure to TE in adulthood
was insufficient to rescue the climbing defect in the GALT-
null flies (data not shown). While this result is consistent with
a larval window of TE impact, other interpretations are not
excluded. For example, larvae consume much larger quanti-
ties of food per body weight than do adults, and the effect of
the SOD mimic might be cumulative over time. More detailed
future studies will be required to define the developmental
window when TE has its greatest impact on long-term out-
come in GALT-null Drosophila.

MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 + accumulate
in both GALT-null and control Drosophila larvae

To assess how much MnTnBuOE-2-PyP5 + and MnTE-2-
PyP5 + accumulated in the bodies of GALT-null and control
Drosophila larvae under conditions where a survival and/or
long-term benefit was observed, we raised parallel cohorts of
animals in foods with glucose + galactose either with or
without 10 lM MnTE-2-PyP5 + or 10 lM MnTnBuOE-2-
PyP5 + . Third-instar (L3) larvae were collected as they
emerged from the food; these animals were processed as de-

scribed in ‘‘Materials and Methods’’ section. As expected,
larvae reared on foods lacking the SOD mimics showed no
accumulation of these compounds, while larvae reared in the
presence of these compounds showed clear accumulation. For
GALT-null larvae the level of MnTE-2-PyP5 + detected was
7.3 – 1.6 pmol/mg protein and for MnTnBuOE-2-PyP5 + the
level detected was 3.3 – 2.3 pmol/mg protein. For control
larvae the corresponding levels were 3.3 – 0.5 and
1.3 – 0.2 pmol/mg protein, respectively. The implications of
these levels and apparent differences are discussed below.

MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 + show no
impact on accumulation of gal-1P in GALT-null
Drosophila larvae exposed to galactose

Gal-1P is a Leloir pathway metabolite that accumulates to
very high levels in the tissues of both galactosemic infants
[reviewed in (16)] and GALT-null Drosophila larvae exposed
to galactose (27); however, the connection between gal-1P
accumulation and acute or long-term outcomes remains un-
clear [reviewed in (16)]. Recently, we reported that a small
collection of oxidants and antioxidants that modified survival
of GALT-null Drosophila larvae exposed to galactose did so
without impacting the apparent gal-1P levels in those animals
(25). To test whether this was also true for SOD mimics we
extracted and quantified gal-1P from GALT-null and control
L3 larvae exposed to foods containing glucose versus glu-
cose + galactose, either with or without 10 lM MnTnBuOE-2-
PyP5 + or 10 lM MnTE-2-PyP5 + (see ‘‘Materials and Methods’’
section).

In the absence of galactose (Fig. 4, left side), control ani-
mals, represented by open bars, accumulated negligible
gal-1P regardless of the presence or absence of the SOD
mimics. Under these same conditions, GALT-null larvae, re-
presented by shaded bars, accumulated slightly higher levels
of gal-1P, perhaps reflecting the compromised ability of these
animals to metabolize even endogenously synthesized
galactose (5). In food containing galactose, however (Fig. 4,
right side), the GALT-null larvae accumulated 30-fold in-
creased gal-1P, and this accumulation was not significantly
affected by the presence or absence of 10 lM MnTnBuOE-2-
PyP5 + or MnTE-2-PyP5 + . The positive impact of the SOD
mimics on survival of GALT-null larvae exposed to galactose,
and on the climbing defect of GALT-null adult flies inde-
pendent of galactose exposure; therefore, cannot be explained
simply by changes in the accumulation of gal-1P.

Impact of MnTE-2-PyP5 + on the accumulation
of thiolated proteins in GALT-null Drosophila larvae

As a test of the impact of SOD mimics on oxidative stress in
GALT-null and control Drosophila larvae we quantified the
levels of protein-bound cysteine and glutathione in animals
maintained in the presence of 200 mM dietary galactose (in
addition to 555 mM glucose) and either in the presence or
absence of 10 lM MnTE-2-PyP5 + (TE). Protein thiolation (e.g.,
protein bound to cystine or GSSG through disulfide bonds) is
a recognized marker of oxidative damage in cells (12) and
animals (37). In the presence of dietary galactose, GALT-null
larvae exhibited close to twice the level of protein-bound
cysteine and glutathione as was seen in control larvae (Fig. 5).
When 10 lM TE was added to the food, however, the levels of
protein-bound cysteine and glutathione in the GALT-null and

FIG. 3. Small molecule superoxide dismutase mimic,
MnTE-2-PyP51, partially rescues a long-term movement
defect in adult GALT-null Drosophila independent of ga-
lactose exposure. Control (open bars) and GALT-null (sha-
ded bars) Drosophila were reared on foods containing either
zero or 10 lM MnTE-2-PyP5 + (TE) in either the presence or
absence of 50 mM galactose, and adult animals were tested
for climbing ability at 2 days posteclosion after 25 min at
39�C immediately before testing (see ‘‘Materials and Meth-
ods’’ section). Among control flies close to 70% of each cohort
climbed above a designated mark regardless of the presence
or absence of TE. In contrast, only between 30% and 40% of
each cohort of GALT-null flies climbed above the designated
mark in the absence of TE, while close to 60% climbed above
the mark in the presence of TE. This difference was signifi-
cant and occurred independent of the presence or absence of
50 mM galactose in the food. Values plotted represent aver-
age – standard error of the mean, n ‡ 14. The number of co-
hort replicates for each experimental condition is indicated in
parenthesis above the corresponding bar.
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control larvae were indistinguishable (Fig. 5). These results
imply that in the presence of dietary galactose GALT-null
Drosophila larvae experience increased protein oxidative
damage relative to their GALT-normal counterparts, and ex-
posure to the Mn-SOD mimic TE prevents or reverses that
damage.

We also tested the levels of protein-bound cysteine and
glutathione in GALT-null and control Drosophila larvae
maintained in foods lacking galactose (Supplementary Fig.
S2). In the absence of TE, GALT-null larvae again exhibited
close to twice the level of protein-bound cysteine and gluta-
thione as was seen in control larvae under parallel conditions,
and again exposure to TE negated this difference. However,
unlike in the presence of galactose, where TE clearly lowered
the levels of protein-bound cysteine and glutathione in the
GALT-null animals until they matched those in the controls
(Fig. 5), in the absence of galactose the picture was more
complex. In brief, in the absence of galactose TE appeared to
equalize the protein-bound cysteine and glutathione in the
GALT-null and control animals through a combination of
both lowering the levels in the mutants and raising the levels
in the controls, though individual changes did not always
reach statistical significance (Supplementary Fig. S2). The
explanation for this observation remains unclear, and is dis-
cussed below.

Impact of MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 +

on the levels of soluble GSSG and GSH and cysteine/
cystine in GALT-null Drosophila larvae

We also monitored the effects of galactose and SOD mimics
on the levels of soluble GSH and GSSG and cysteine/cystine
in lysates from GALT-null and control second instar (L2) and
L3 larvae (Supplementary Figs. S3 and S4). While some sta-
tistically significant differences were evident, overall we saw
few patterns that explained the apparent rescue of acute or
long-term outcomes by the SOD mimics.

For example, galactose exposure alone caused a significant
rise in the level of GSSG in GALT-null L3s, but not in L2s
(Supplementary Fig. S3) or in controls, and the L3 effect was
independent of MnTnBuOE-2-PyP5 + or MnTE-2-PyP5 +

treatment (Supplementary Fig. S4B). While we had observed
the impact of galactose on GSSG levels previously (25), in our
earlier study it was dwarfed by the impact of galactose
combined with paraquat, and so was not highlighted. In-
tracellular redox state (Eh) in L3s calculated from the ratio of
GSSG to GSH was also impacted by galactose, and minimally
by MnTE-2-PyP5 + and MnTnBuOE-2-PyP5 + , but only in
GALT-null L3s and not in controls (Supplementary Fig. S4E,
shaded bars), and not in L2s (Supplementary Fig. S3). In
contrast, the levels of reduced cysteine (Cys) and oxidized
cystine (CySS) were impacted by galactose exposure and in
some cases also by MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 +

in both GALT-null and control L3s (Supplementary Fig. S4C,
D) so that some small changes also were evident in the esti-
mated extracellular redox status calculated from the ratio of
CySS/Cys for these animals (Supplementary Fig. S4F).
However, these differences were not observed in the L2s
(Supplementary Fig. S3). Combined, there were no clear
trends that explained the partial rescue of galactose sensitivity
of GALT-null larvae by both MnTnBuOE-2-PyP5 + and MnTE-
2-PyP5 + , or the partial rescue of the galactose-independent
movement defect in GALT-null adult flies by MnTE-2-PyP5 + .

Discussion

Here we tested the ability of Mn-based SOD mimics,
MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 + , to protect GALT-
null Drosophila larvae against acute galactose toxicity and
GALT-null adult flies against a galactose-independent long-
term movement abnormality. We found that both mimics
were effective at rescuing larval survival in the presence of
galactose and one (MnTE-2-PyP5 + ) also showed significant
rescue of the galactose-independent defect. These results

FIG. 4. Impact of MnTn-
BuOE-2-PyP51 and MnTE-2-
PyP51 on the accumulation
of gal-1P in control and
GALT-null Drosophila lar-
vae reared in the presence
versus absence of dietary
galactose. Gal-1P was ex-
tracted from control (open
bars) and GALT-null (shaded
bars) late-stage larvae reared
on foods either with or with-
out 200 mM added galactose,
and spiked with the indicated
levels of MnTE-2-PyP5 + or
MnTnBuOE-2-PyP5 + . Signifi-
cant differences are indicated.
Values plotted represent aver-
age – standard error of the
mean, n ‡ 3, as indicated. The
number of cohort replicates for
each experimental condition is
indicated in parenthesis above
the corresponding bar.
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support the hypothesis that reactive oxygen species (ROS),
ostensibly scavenged by these SOD mimics, contribute to both
acute galactose toxicity and also to galactose-independent
long-term complications in GALT-null adult Drosophila. The
results presented here further demonstrate the first clear evi-
dence that MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 + remain
stable, bioavailable, and effective when introduced into a
Drosophila model of classic galactosemia via an oral route.

A long literature trail documents the therapeutic potential
of Mn porphyrins in a wide variety of pathological conditions
[reviewed in (2)]. Our findings extend that list, confirming the
therapeutic potential of these compounds in the face of ga-
lactose-mediated toxicity and a galactose-independent long-

term complication in GALT-null flies. These acute and long-
term outcome benefits occurred independent of changes in the
accumulation of gal-1P and in parallel with resolution of the
excessive protein oxidative damage (thiolation) that was
otherwise seen in the GALT-null animals.

Galactose-1P

That the SOD mimics tested here improved both acute and
long-term outcome in our GALT-null Drosophila without sig-
nificantly impacting the accumulation of gal-1P in these ani-
mals is not surprising. This is the same result observed in our
prior study testing the impact of both oxidants and antioxi-
dants on acute outcome in GALT-null larvae (25). This result
is notable, however, because it adds to the weight of evidence
challenging the commonly held assumption that gal-1P ac-
cumulation underlies the acute and long-term complications
experienced by patients with classic galactosemia.

Gal-1P accumulation is one of the most widely accepted
biochemical markers of galactosemia used for diagnosis and
follow-up, and gal-1P was long a prime suspect to underlie
the acute if not the long-term sequelae of classic galacto-
semia [e.g., (7)]; indeed, small molecule inhibition of GALK
to limit gal-1P synthesis has been proposed as a potential
novel intervention for galactosemia [e.g., (7,45)]. However, a
substantial body of published data also challenge the idea
that gal-1P underlies the long-term sequelae of classic ga-
lactosemia. For example, infants with Duarte (DG) galacto-
semia exposed to milk accumulate levels of gal-1P that can
rival those seen in infants with classic galactosemia (15), yet
DG patients demonstrate none of the acute or severe long-
term sequelae seen in classic galactosemics—whether or not
they are taken off milk. Further, numerous studies of pa-
tients with classic galactosemia on treatment have failed to
show a reproducible correlation between gal-1P levels and
long-term outcome severity (19,42,48). Finally, a mouse
GALT knock-out created by Dr. Nancy Leslie in the 1990s
accumulated very high levels of gal-1P when exposed to
dietary galactose, yet this mouse also failed to demonstrate
any of the acute or long-term sequelae of classic galacto-
semia (30,34). Whether gal-1P is a disease marker versus
modifier of outcome in GALT deficiency therefore, remains
an open question.

Protein-bound cysteine and glutathione

It is interesting to note that in the presence of dietary ga-
lactose TE exposure lowered the levels of protein-bound
cysteine and glutathione in GALT-null Drosophila to ‘‘control
levels’’ (Fig. 5), while in the absence of galactose TE showed
little if any effect on thiolated protein in GALT-null larvae but
raised the levels in controls (Supplementary Fig. S2). This
difference might reflect something about the different physi-
ological states of the GALT-null and control larvae in the
presence versus absence of dietary galactose, or might reflect
potentially confounding effects of the experimental design
that are not well understood at this time. One possible con-
tributing factor derives from the reality that in the presence of
200 mM galactose, while the control larvae would be gener-
ally healthy despite the presence or absence of TE, the GALT-
null larvae would not; in the absence of TE most of these
larvae would be days from death, while in the presence of TE
many more would be destined to survive.

FIG. 5. Impact of MnTE-2-PyP51 on the abundance of
protein-bound glutathione and cysteine in control and
GALT-null Drosophila early larvae (L2) reared in the
presence of dietary galactose. Protein thiolation is a marker
of oxidative stress in biological systems. Samples tested were
from control (open bars) and GALT-null (shaded bars) sec-
ond instar (L2) larvae harvested from foods containing
200 mM galactose (in addition to 555 mM glucose) that did
versus did not contain 10 lM MnTE-2-PyP5 + , as indicated.
Values plotted represent average – standard error of the
mean, n = 6. (A) Levels of protein-bound cysteine, and (B)
levels of protein-bound glutathione, are plotted. Significant
differences are indicated.
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It is also interesting to note that the differences in protein
thiolation observed between cohorts of GALT-null versus
control Drosophila larvae described here paralleled outcome
but were not reflected in clear or consistent patterns of the
soluble glutathione and cysteine/cystine redox pairs quanti-
fied in either L2 or L3 larvae from those cohorts. One possible
explanation is that multiple or changing factors might have
influenced the soluble redox pairs and thiolated proteins in
these larvae concurrently, and the soluble and protein-bound
thiols might have responded with different kinetics to the
changing conditions leading to apparent disparities. Protein-
bound glutathione has been described as an early response to
mild oxidative stress (10,11), which may account for the
changes we observed in protein-bound thiols in L2 larvae
when no parallel changes were seen in soluble thiols at the
same developmental stage. Of course, protein thiolation also
plays a role in signal transduction (21). This additional role
may account for the levels of protein-bound glutathione and
protein-bound cysteine we recorded under glucose-only
conditions as a consequence of TE supplementation, particu-
larly in the control animals.

MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 +

Exposure of GALT-null Drosophila larvae to 10 lM
MnTnBuOE-2-PyP5 + or 10 lM MnTE-2-PyP5 + in the presence
of 200 mM galactose resulted in comparable degrees of larval
rescue (Fig. 2), yet MnTE-2-PyP5 + accumulated to almost
twice the level of MnTnBuOE-2-PyP5 + in those larvae (see
‘‘Results’’ section). Both cationic Mn porphyrins are equally
redox active, with similar kcat for the catalysis of O2

. - dis-
mutation, and both are among the most potent known SOD
mimics and peroxynitrite scavengers (2–4). Further, both are
able to reduce levels of other reactive species, such as CO3

.-

radical, lipid radicals, and both also affect activation of redox-
sensitive transcription factors impacting cellular inflamma-
tory and immune responses (2–4,33). MnTE-2-PyP5 + is a
hydrophilic molecule of molecular weight 965 Da, whereas
MnTnBuOE-2-PyP5 + , which has longer side-chains, has a
molecular weight of 1254 Da and is close to 4 orders of
magnitude more lipophilic as judged by octanol/water
partition (36).

Despite these different properties, MnTnBuOE-2-PyP5 +

and MnTE-2-PyP5 + exhibit very similar plasma oral bio-
availability in mouse (22% and 23%, respectively) although in
mouse heart MnTnBuOE-2-PyP5 + preferentially accumulates
in mitochondria relative to cytosol by about 2.0-fold more
than does MnTE-2-PyP5 + (Weitner et al., unpublished)
(33,44,49). If this differential subcellular distribution also oc-
curs in GALT-null Drosophila it might explain why both
MnTE-2-PyP5 + and MnTnBuOE-2-PyP5 + provided similar
levels of protection against galactose toxicity despite their
observed differential levels of accumulation. Further, the
twofold difference in the levels of MnTnBuOE-2-PyP5 + and
MnTE-2-PyP5 + that accumulated in whole GALT-null larvae
compared with control larvae raised under parallel conditions
might reflect anything from differential body size and com-
position of the mutant and control animals, which could po-
tentially influence the ability of the Mn porphyrins to enter or
remain within cells or tissues, to differences in the amounts of
food, and therefore, the amounts of SOD mimic, consumed by
the mutant and control animals. Food was available to all

larvae ad libitum in all experiments, and we did not measure
the amount of food consumed by individual larvae.

It is also possible that the apparent differential accumula-
tion of both SOD mimics in GALT-null versus control larvae
reflected a combination of individual variation and ascer-
tainment bias of the samples tested. In short, because a sig-
nificant proportion of the GALT-null larvae would have died
during the course of the experiment, but we only harvested
living L3s for biochemical analysis, it is possible that those
GALT-null larvae that consumed or accumulated more SOD
mimic than their peers were more likely to survive, and
therefore, more likely to be harvested and analyzed. Because
the control larvae were unlikely to die regardless of how
much SOD mimic they consumed or accumulated, they
would not have been subject to this same selection bias. Fu-
ture studies will be required to distinguish between these
possibilities.

That both MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 + pro-
vided similar survival benefits to GALT-null Drosophila ex-
posed to galactose despite their chemical and other
differences is notable. It is also striking that MnTE-2-PyP5 +

largely rescued a long-term movement defect in adult GALT-
null flies independent of galactose exposure. The simplest
assumption regarding mechanism may be that the SOD
mimics provided an antioxidant effect, in the food and in the
larvae, perhaps in or near the mitochondria, reducing the
accumulation of ROS and the oxidative damage, such as
protein thiolation, that might otherwise follow. Of course,
oxidative stress is not simply an imbalance of oxidants and
antioxidants causing macromolecular damage but rather a
disruption of redox signaling and control mechanisms [re-
viewed in (23,46)]. Hydrogen peroxide is recognized as a
signaling molecule (17,18,47) and superoxide could also have
signaling functions. Application of systems biology ap-
proaches with gene expression profiling, proteomics and
other information-rich methods may be required to dissect the
role of oxidative stress in acute and long-term outcomes in
GALT deficiency. Such an approach will be the subject of
future investigation.

Materials and Methods

Drosophila stocks and maintenance

We used two excision alleles of the D. melanogaster gene
encoding GALT, dGALTDAP2 and dGALTC2, each generated by
mobilizing an existing P insertion in the 5¢-untranslated re-
gion of the CG9232 locus (KG00049), as previously described
(27). dGALTDAP2 carries a 1647 bp deletion that removes most
of the dGALT gene and encodes no detectable GALT enzy-
matic activity, while dGALTC2 carries a precise excision of the
P element and encodes wild-type GALT activity. We have
demonstrated previously that flies homozygous for the
dGALTDAP2 allele die in development when raised on fly food
containing both glucose and galactose (27); before death these
animals also accumulate substantial levels of the metabolite
gal-1P. Drosophila homozygous for the control allele remain
healthy despite the presence of galactose in their food, and
these animals accumulate only low levels of gal-1P. In the
absence of dietary galactose both control and GALT-null
Drosophila larvae survive at comparable rates.

Unless otherwise indicated, the fly stocks used in these
experiments were maintained at 25�C on molasses-based food
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that contained 43.5 g/L cornmeal, 17.5 g/L yeast extract,
8.75 g/L agar, 54.7 ml/L molasses, 10 ml/L propionic acid,
and 14.4 ml/L tegosept mold inhibitor (10% w/v in ethanol).
For experiments that measured galactose sensitivity, animals
were reared under non-overcrowding conditions on a glu-
cose-based diet that consisted of 555 mM glucose (Fisher Sci-
entific Co.), 5.5 g/L agar, 40 g/L yeast, 90 g/L cornmeal,
10 ml/L propionic acid, 14 ml/L tegosept mold inhibitor (10%
w/v in ethanol), and the indicated amount of D-( + )-galactose
(Sigma-Aldrich Corp.) added from a 20% w/v galactose so-
lution. Other compounds to be tested also were added to the
desired final concentration, while the food was cooling but
still in a liquid state to ensure homogeneous distribution.

Survival of Drosophila larvae to adulthood

To test the impact of varying dietary exposures on survival
of our Drosophila larvae we followed our previously described
protocol (25). Both dGALTDAP2 and dGALTC2 homozygotes
were raised under non-overcrowding conditions in parallel
vials on glucose-only (555 mM) or glucose (555 mM) plus
galactose (200 mM) food, which either did or did not include
each additive. The galactose concentration for these experi-
ments (200 mM) was selected as previously described (25)
because it enabled us to identify additives that both increased
and decreased survival rates. To control for larval density,
parents of the desired genotypes were allowed to mate and
deposit embryos for 24 h on grape juice/agar plates to gen-
erate embryo cohorts. Twenty-four hours later, groups of 20
first-instar larvae were collected and transferred to
12 · 75 mm2 polystyrene vials each containing 2 ml of the
appropriate fly food. Each vial was plugged with cotton and
maintained under conditions of controlled temperature
(25�C) and humidity (60%) and monitored for 19 days. Over
the course of this time, the number of adults eclosing in each
vial was recorded. Ten to 20 replicate vials were monitored for
each genotype and condition; statistical analyses were per-
formed as described below. Values plotted were normalized
to the survival rate of larvae in the corresponding control
lacking additive.

Modified climbing assay for adult Drosophila flies

Drosophila homozygous for dGALTDAP2 or dGALTC2 were
raised on 555 mM glucose-only (555 mM) or glucose (555 mM)
plus galactose (50 mM) food, which either did or did not in-
clude 10 lM MnTE-2-PyP5 + . Newly eclosed adult males were
collected into fresh vials containing the same food and
maintained at 25�C for 36–48 h before testing in cohorts of 10.
On the day of the experiment animals were incubated at 39�C
for 25 min, as described previously (38), and immediately
tested in a simple climbing assay. The numbers of flies in each
cohort capable of climbing 2 cm in 5 s were recorded.

Compounds tested

We tested the impact of two small molecule mimics of SOD:
manganese(III) meso-tetrakis(N-(2¢-butoxyethyl)pyridinium-
2-yl) porphyrin (MnTnBuOE-2-PyP5 + ) and manganese
(III)meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin (MnTE-
2-PyP5 + ), both kindly provided with permission by
BioMimetixPharmaceutical, Inc.StocksolutionsofMnTnBuOE-
2-PyP5 + and MnTE-2-PyP5 + were supplied already suspended

inphosphate bufferedsaline(PBS). The same volumes ofsolvent
and/or additive were added to each batch of food. We were
careful to avoid exposing supplements to high temperatures or
excessive light, as recommended by the suppliers. The doses of
the SOD mimics were selected based on the understanding that
MnTnBuOE-2-PyP5 + is well-tolerated by yeast in a range of
5–30 lM (36)andthatforMnTE-2-PyP5 + at least5 lM isrequired
for mitochondrial protection (2).

Galactose-1P extraction and analysis

Cohorts of 20 L3 wandering larvae were collected from
vials housing the indicated genotype of Drosophila reared in
fly food containing 555 mM glucose either with or without
200 mM galactose and/or 10 lM MnTnBuOE-2-PyP5 + or
10 lM MnTE-2-PyP5 + . Each cohort of larvae was placed into
125 ll of ice-cold high performance liquid chromatography
(HPLC) grade water and ground for 15 s using a Teflon mi-
cropestle and handheld motor (Kimble Chase Life Science and
Research Products LLC). A sample was taken from each lysate
for protein quantification using the BioRad DC Assay with
bovine serum albumin (BSA) as the standard. Galactose-1P
was extracted from the remaining lysate as previously de-
scribed (35,40). The aqueous phase was dried under vacuum
with no heat (Eppendorf Vacufuge). All samples were nor-
malized for protein concentration by dilution with HPLC-
grade water, and then centrifuged through 0.22-lm Costar
Spin-X centrifuge tube filters (Corning Inc.) at 4000g for 4 min
to remove any particulates. Finally, the soluble phase from
each sample was transferred to a glass HPLC vial and ana-
lyzed using a Dionex ICS-2500 instrument fitted with a Car-
boPac PA10 4 · 250 mm2 analytical column; metabolites were
separated and gal-1P was quantified as previously described
(40).

Accumulation of MnTnBuOE-2-PyP5 +

and MnTE-2-PyP5 + in Drosophila larvae

MnTnBuOE-2-PyP5 + and MnTE-2-PyP5 + were measured
in three to five replicate soluble lysates each prepared from 20
wandering L3 larvae collected from vials containing fly food
with 555 mM glucose + 200 mM galactose with either no SOD
mimic added, or with 10 lM MnTnBuOE-2-PyP5 + or 10 lM
MnTE-2-PyP5 + . Each cohort of larvae was placed into 125 ll
of ice-cold lysis buffer [one complete mini protease inhibitor
cocktail pellet, ethylenediaminetetraacetic acid free (Roche)
dissolved in 10 ml of 100 mM glycine, pH 8.7] and ground for
15 s using a Teflon micropestle and handheld motor (Kimble
Chase Life Science and Research Products LLC). A sample
was taken from each lysate for protein quantification (using
the BioRad DC Assay with BSA as a standard).

Liquid chromatography-tandem mass spectroscopy
(LC-MS/MS) analysis of MnTE-2-PyP5 + and MnTnBuOE-2-
PyP5 + was performed on an Agilent 1200 series HPLC (LC) -
Applied Biosystems MDS Scie4000 tandem-mass spectrometer
(MS/MS) at the Pharmacology Laboratory (Shared Resource
PK/PD and Small Molecule Analysis Core) of the Duke Cancer
Institute, as described previously for MnTE-2-PyP5 + and
MnTnHex-2-PyP5 + (49). In brief, the analytes were extracted
from the lysate and proteins precipitated by addition of a
two-fold volume of 1% acetic acid in methanol; the supernatant
was dried under nitrogen, the residue reconstituted in initial
composition of LC elution gradient, and 40 ll was injected into
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the LC-MS/MS system. The method was modified to include
measurement of MnTnBuOE-2-PyP5 + at m/z 857.3/643.4.
MnTnHep-2-PyP5 + was used as an internal standard at m/z
853.5/639.5. Mobile phase A: 1% acetonitrile and 0.05%
heptafluorobutyric acid in LC/MS grade water. Mobile phase
B: 50% acetonitrile and 50% methanol. Elution gradient:
0–0.2 min, 20% B; 0.2–0.21 min, 20%–95% B; 0.21–0.7 min, 95%
B; 0.7–0.71 min, 95%–20% B; 0.71–3 min, 20% B. Assay quanti-
fication range: 0.5 (lower limit of quantitation)–10 pmol/mg.

Measurements of protein-bound glutathione
and cysteine in Drosophila larvae

Cohorts of L2 larvae were collected by floatation in a 20%
glucose solution, rinsed with PBS and collected on ice in mi-
crocentrifuge tubes containing 500 ll ice-cold 100 g/L tri-
chloroacetic acid solution. Larvae were homogenized for 15 s
using a Teflon micropestle and handheld motor (Kimble
Chase Life Science and Research Products) and the homoge-
nate centrifuged at 15,700g for 5 min at 4�C. Pellets were
washed with acetone, and then resuspended in 50 ll of 0.1 M
sodium hydroxide. Samples were treated sequentially with
2 mM dithiothreitol and 50 g/L perchloric acid. Aliquots of
300 ll of the supernatant were transferred to fresh tubes for
further analysis. The remaining supernatant fluid was dis-
carded and the protein pellets and supernatant were stored at
- 80�C until analysis. Pellets were resuspended in 300 ll of 1 N
sodium hydroxide overnight to measure the amount of acid-
insoluble protein using the BioRad DC Assay with BSA as a
standard. Supernatant was prepared as previously described
(25).

Measurements of soluble GSH and GSSG
and cysteine/cystine

Lysates were prepared and analyzed from cohorts of 30
wandering L3 larvae as described previously (25). Cohorts of
L2 larvae (wet mass about 50 mg) were collected from plates
of fly food by floatation in a 20% glucose solution and rinsed
with PBS before lysis, as described (25). Concentrations of
thiols and disulfides were determined by integration relative
to an internal standard (24). Redox potential (Eh) was calcu-
lated from the GSH and GSSG, or Cys and CySS, concentra-
tions by the Nernst equation as described previously (26).

Statistical analyses

Experiments testing the survival rates of GALT-null and
control larvae reared under different conditions were per-
formed in parallel by two experimenters who each loaded a
comparable number of replicate vials per genotype and
treatment group. We then analyzed survival rates for each
diet (i.e., with and without galactose) separately. Values
plotted were normalized to the survival rate of larvae in the
corresponding control lacking additive. For each SOD-mimic
tested, two-way analysis of covariance (with genotype and
treatment as independent variables) with experimenter as
covariate was used to compare significant differences in sur-
vival to adulthood for both genotypes. A linear regression
with genotype, galactose, and additive as independent vari-
ables and with all four possible interaction terms between
those variables was used to compare differences in long-term
climbing outcome, metabolite accumulation, soluble GSSG

and GSH and cysteine levels, and protein-bound glutathione
and cysteine levels. Post-hoc tests were performed on the least-
square means to determine significant differences between
groups. The criterion for statistical significance was p < 0.05
but p-values were adjusted for multiple comparisons when
applicable using a simple Bonferroni correction. Statistical
analyses were performed using either SAS (Version 9.2; SAS
Institute Cary) or JMP-SAS software (Version 10.0).
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Abbreviations Used

BSA¼ bovine serum albumin
Cys¼ cysteine (reduced state)

CySS¼ cystine (oxidized state)
Da¼Dalton

Gal-1P¼ galactose-1-phosphate
GALE¼UDP-galactose 4¢-epimerase
GALK¼ galactokinase
GALT¼ galactose-1-phosphate

uridylyltransferase
GSH¼ glutathione (reduced state)

GSSG¼ glutathione (oxidized state)
HPLC¼high performance liquid chromatog-

raphy
L2¼ second instar
L3¼ third instar

LC-MS/MS¼ liquid chromatography-tandem mass
spectroscopy

Mn¼manganese
MnTE-2-PyP5+¼manganese(III) meso-tetrakis

(N-ethylpyridinium-2-yl)
porphyrin

MnTnBuOE-2-PyP5+¼manganese(III) meso-tetrakis(N-
butoxyethylpyridinium-2-yl)
porphyrin

PBS¼phosphate buffered saline
ROS¼ reactive oxygen species
SOD¼ superoxide dismutase
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