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ABSTRACT: The syntheses of a structurally simplified geldanamycin analogue 2 and
two related compounds are described. Compound 2 conferred cytoprotection and
quenched ROS and lipid peroxidation in a dose-dependent manner in Friedreich’s ataxia
(FRDA) lymphocytes at low micromolar concentrations. It also prevented ROS-induced
damage of cellular lipid membranes and maintained the mitochondrial membrane
potential of FRDA lymphocytes. In addition, 2 did not inhibit Hsp90 when tested at
micromolar concentrations, exhibited no cytotoxicity, and afforded neuroprotection to
differentiated SH-SY5Y cells under conditions of Aβ-induced cell toxicity.
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Mitochondria are cellular organelles that support aerobic
respiration essential for the normal functioning of

eukaryotic cells.1,2 In addition to cellular respiration,
mitochondria play a vital role in several processes including
ATP production, ion homeostasis,3 and immune response4

essential for cell survival. Given its important role, mitochon-
drial dysfunction can have a debilitating effect on human health.
Unsurprisingly, mitochondrial damage has been implicated in
the genesis and progression of several diseases such as
Alzheimer’s disease,5 Parkinson’s disease,5,6 Huntington’s
disease,7 and Friedreich’s ataxia (FRDA).8 The disruption of
mitochondrial function exposes cells to oxidative damage.9 The
development of novel antioxidants capable of restoring
mitochondrial electron transport chain function offers great
potential to protect cells from damage caused by mitochondrial
dysfunction.
In a recent study, we demonstrated that analogues of natural

product 1 (Figure 1), whose structure closely resembles the
redox-active quinone core of the natural product geldanamycin,

conferred cytoprotection to FRDA lymphocytes in a dose-
dependent manner under conditions of induced oxidative
stress.10 Geldanamycin11 (Figure 1), first isolated from
Streptomyces hygroscopicus, is a potent inhibitor of chaperone
protein Hsp9012,13 that plays a crucial role in protein
refolding14 and interferes with its ability to regulate several
protein kinases.15,16 The broad antiproliferative activity of
geldanamycin against a number of human tumor cell lines17 has
resulted in great interest in the design and synthesis of novel
analogues with improved therapeutic profiles or simplified
structures.18−24 In addition to its antiproliferative activity,
induction of Hsp70 by geldanamycin has been shown to afford
neuroprotection in mice.25 However, its use for treatment of
neurodegenerative diseases is severely limited by its acute
cytotoxicity in vivo. In this regard, the synthesis of novobiocin
analogues that are C-terminal inhibitors of Hsp9026 offer much
promise, as they afford neuroprotection with no cytotoxicity,
apparently due to their induction of Hsp70.27−29

Herein, we describe the syntheses of 2, 3, and 4 (Figure 1),
which are analogues of natural product 1. Compound 2, which
is a structurally simplified analogue of geldanamycin, was shown
to suppress lipid peroxidation (Table 1) and maintain cell
viability (Table 2) in a dose-dependent manner at low
micromolar concentrations in oxidatively stressed FRDA
lymphocytes. In addition, 2 suppressed ROS production
(Figure 2) and maintained mitochondrial membrane potential
(Figure 3) in cultured FRDA lymphocytes and fibroblasts
subjected to oxidative stress. Compound 2 was not cytotoxic
(Figure S1, Supporting Information) and protected differ-
entiated SH-SY5Y cells (Figure S2, Supporting Information)
against Aβ-induced cell death (Figures 4 and S3, Supporting
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Figure 1. Chemical structures of 5-[N-(3-carboxypropyl)amino]-2-
hydroxy-3-tridecyl-1,4-benzoquinone natural product (1), its deriva-
tives (2−4), and geldanamycin.
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Information). Interestingly, compound 2 did not inhibit Hsp90
(Figure S4, Supporting Information), which may contribute to
the cytotoxicity of geldanamycin, further illustrating its
potential as a therapeutic agent for relieving oxidative stress.
The synthesis of cyclic geldanamycin analogue 2 is outlined

(Scheme 1). The synthesis of 2 began with the alkylation of
1,2,4,5-tetramethoxybenzene (5)10,30,31 with purified 11-
bromo-1-undecene to yield 6 in 82% yield. The oxidation of
6 with cerium(IV) ammonium nitrate provided a crude mixture
of quinones 7 and 8, which upon treatment with HClO4−
SiO2

32 led to regioselective demethylation to form hydrox-
yquinone 8 in 26% yield for two steps.31 Quinone 8 was
coupled with hex-5-en-1-amine hydrochloride (9)33 to form
hydroxyquinone 10 in 75% yield. Quinone 10 was methylated
to protect the phenolic hydroxyl group, affording methox-
yquinone 11 in 74% yield. Compound 11 was subjected to ring
closing metathesis in the presence of Grubb’s second
generation catalyst to yield alkene 12 as a mixture of isomers
in 52% yield. The reduction of the alkene by catalytic
hydrogenation followed by air oxidation provided 2 in 38%
yield for two steps.34,35 As outlined (Scheme S1, Supporting
Information), methoxyquinone 1310,31 was treated with
hexylamine to yield the corresponding hydroxyquinone 3 in
17% yield. The hydroxyquinone 3 so obtained was methylated
with dimethyl sulfate in dry acetone to yield methoxyquinone 4
in 58% yield.

The ability of 2, 3, and 4 to quench lipid peroxidation was
evaluated in FRDA lymphocytes (Table 1). The cells were
subjected to oxidative stress upon treatment with diethyl
maleate (DEM) and shown to have undergone glutathione
depletion as described.36−38 The fatty acid sensitive fluorescent
reporter C11−BODIPY581/591 (Molecular Probes)39,40 was used
to quantify the extent of lipid peroxidation. Oxidation of the
phenylbutadiene moiety of the fluorophore results in a change
of fluorescence from red (595 nm) to green (520 nm). Peroxyl
radical production was monitored by an increase in C11−
BODIPY581/591-green (oxidized) fluorescence and determined
by flow cytometric analysis. The results show that compound 2
was very effective in suppressing lipid peroxidation at 5 and 10
μM concentrations (72 and 83% suppression, respectively).
Methoxyquinone 4 also exhibited significant concentration-
dependent suppression of lipid peroxidation (61% and 70%
suppression of lipid peroxidation at 5 and 10 μM, respectively),
while hydroxyquinone 3 was much less potent (38%
suppression at 10 μM concentration).
The ability of 2, 3, and 4 to protect cultured FRDA

lymphocytes from induced oxidative stress was studied.

Table 1. Suppression of Lipid Peroxidation by Nitrogen-
Containing 1,4-Benzoquinone Antioxidant Derivatives (2−
4) in Cultured FRDA Lymphocytes Treated with Diethyl
Maleate (DEM)a

lipid peroxidation scavenging activity (%)

compd 1 μM 5 μM 10 μM

untreated controlb 100 100 100
treated controlc 0 0 0
2d 29 ± 4.7 72 ± 6.3 83 ± 2.1
3 2 ± 0.3 27 ± 4.5 38 ± 6.0
4 14 ± 1.3 61 ± 7.5 70 ± 5.8

aLipid peroxidation was detected by utilizing the oxidation-sensitive
fatty acid probe C11−BODIPY581/591 using FACS. Increased C11−
BODIPY-green fluorescence (oxidized form), a measure of intra-
cellular lipid peroxidation, was determined by increasing the median
fluorescence intensity of C11−BODIPY-green relative to the untreated
control. Results are expressed as % of scavenging activity. Data are
expressed as the mean ± SEM (n = 3). bNo DEM treatment. cDEM
treatment. dCompound 2 was without significant effect on intracellular
glutathione concentration at the doses studied.

Table 2. Effect of Nitrogen-Containing 1,4-Benzoquinone
Antioxidant Derivatives (2−4) on the Cellular Viability of
FRDA Cultured Lymphocytes Treated with Diethyl Maleate
(DEM)a

viable cells (%)b

compd 5 μM 2.5 μM 0.5 μM 0.1 μM

2 92 ± 3.5 83 ± 5.4 69 ± 2.3 36 ± 4.3
3 65 ± 5.2 43 ± 4.4 22 ± 2.6 18 ± 2.1
4 80 ± 4.0 66 ± 6.3 50 ± 5.2 20 ± 3.2

aData are expressed as means ± SEM of three independent
experiments run in duplicate. bThe viability of untreated cells was
defined as 100%; cells treated with DEM alone had 18 ± 10% viability.

Figure 2. Representative flow cytometric histograms overlay showing
ROS production in FRDA lymphocytes. Following pretreatment with
the indicated compounds (5 and 10 μM) for 16 h, the cells were
treated with 5 mM diethyl maleate (DEM) for 80 min to deplete
glutathione. The cells were washed in phosphate-buffered saline and
suspended in phosphate-buffered saline containing 20 mM glucose.
Cells were loaded with 10 μM dichlorodihydrofluorescein diacetate
(DCFH-DA) for 20 min, and the green fluorescence (DCF) was
measured by flow cytometry (C6 Accuri, BD Biosciences, San Jose,
CA), using a 488 nm excitation laser and the FL1-H channel 530 ± 15
nm emission filter. The figure shows a representative example of three
independent experiments. A total of 10,000 events was recorded for
each sample and analyzed (C6 Accuri software, BD Biosciences).
Increased DCF fluorescence, a measure of intracellular oxidation and
ROS production, was determined by a shift in DCF fluorescence to the
right on the x-axis of the FACS (fluorescence-activated cell sorting)
histogram. The bottom panel shows a bar graph of ROS % scavenging
activity. Data are expressed as the mean ± SEM (n = 3).
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Oxidative stress was induced by treatment with DEM, and cell
viability was assessed by trypan blue exclusion. Depletion of
glutathione by treatment with DEM has been used to induce
oxidative stress in cellular systems by generation of ROS.37,41,42

As shown (Table 2), the cyclic analogue 2 was most effective,
exhibiting 83% and 92% cytoprotection at 2.5 and 5 μM
concentrations, respectively. Methoxyquinone 4 afforded great-
er cytoprotection as compared to hydroxyquinone 3 at 5 μM
concentration (80% vs 65%).
The ability of 2−4 to suppress ROS production was

determined in FRDA lymphocytes by monitoring the
fluorescence of ROS-sensitive dye dichlorofluorescein (DCF)
in the presence and absence of the test compounds (Figure 2).
The cells were subjected to oxidative stress by depleting them
of glutathione upon treatment with DEM.36−38 Intracellular
oxidation and ROS production was monitored by an increase in
DCF fluorescence and determined by flow cytometry. As
shown, 2 effectively suppressed ROS production in stressed
cells in a concentration-dependent manner. Compounds 3 and
4 were less effective than 2.
The ability of the test compounds to maintain mitochondrial

membrane potential (Δψm) under conditions of oxidative stress
was studied. Δψm, an important indicator of cellular function,
was measured using two different fluorescent dyes, tetrame-
thylrhodamine methyl ester (TMRM) and 5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethylbenzimidazolocarbocyanine iodide (JC-1).
TMRM is a cell-permeable fluorescent indicator that
accumulates in the inner membrane of the mitochondria in a
Nernstian manner.43 There is a direct correlation between Δψm
across the inner mitochondrial membrane and fluorescence

Figure 3. Effect of nitrogen-containing 1,4-benzoquinone derivatives
(2−4) on preservation of mitochondrial membrane potential (Δψm)
of cultured FRDA cells following treatment with the test compounds.
(A) Representative flow cytometric two-dimensional color density dot
plot analyses of Δψm in FRDA lymphocytes stained with TMRM and
analyzed using the FL2-H channel as described in the Supporting
Information. The percentage of cells with intact Δψm is indicated in
the top right quadrant of captions. In each analysis, 10,000 events were
recorded. Data are expressed as means ± SEM of three independent
experiments run in duplicate. The bar graph shows the percentage of
cells with intact Δψm calculated using CellQuest software. (B)
Representative fluorescence microscopy images of JC-1-stained
primary FRDA fibroblasts were examined under a Zeiss fluorescent
microscope. JC-1 is a dual stain, which can identify high membrane
potential through J-aggregates (red fluorescence) and low membrane
potential through J-monomers (green fluorescence). When the Δψm
collapses as a result of glutathione depletion, the reagent (JC-1) no
longer accumulates inside the mitochondria; instead, it diffuses
throughout the cell cytosol in the monomeric form, which fluoresces
green. Hoechst 33342 was used to identify cell nuclei. FCCP (carbonyl
cyanide p-(trifluoromethyl) phenylhydrazone), a potent uncoupler of
mitochondrial oxidative phosphorylation, was run as a control.

Figure 4. Effect of nitrogen-containing 1,4-benzoquinone 2 and
geldanamycin on Aβ 1−42 induced neurotoxicity in differentiated SH-
SY5Y cells.

Scheme 1. Synthesis of Compound 2
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signal of TMRM. The accumulation of the dye in the
mitochondria and the intensity of the signal are direct functions
of mitochondrial membrane potential. Loss of membrane
potential is indicated by reduction in TMRM red fluorescence.
Mitochondrial depolarization using TMRM was detected by
flow cytometry. Figure 3A (top panel) illustrates representative
two-dimensional density dot plots of TMRM-stained lympho-
cyte cells showing the percentage of cells with intact Δψm
(TMRM fluorescence in top right quadrant) vs the percentage
of cells with reduced Δψm (TMRM fluorescence in bottom left
and right quadrants). Figure 3A (bottom panel) shows a bar
graph of the percentage (mean ± SEM) of FRDA lymphocytes
with intact Δψm. Treatment with 5 mM DEM resulted in a
decrease in the percentage of cells with TMRM fluorescence in
the top right quadrant, indicating depolarization of Δψm upon
DEM treatment. Compound 2 was the most effective at
preserving mitochondrial membrane potential at 5 μM
concentration (80%). Methoxyquinone 4 was less effective at
preserving mitochondrial membrane polarization, while the
hydroxyquinone 3 was the least effective at the same
concentration (56% and 43%, respectively).
As shown (Figure 3B), these results were further validated

using JC-1 dye in primary FRDA fibroblasts treated with
buthionine sulfoximine (BSO). BSO induces oxidative stress by
inhibiting de novo glutathione synthesis.44 JC-1 is a lipophilic,
cationic dye that selectively enters the mitochondria and
undergoes a reversible color change from green to red with the
corresponding increase in mitochondrial membrane potential.45

The dye aggregates in the matrix of healthy energized
mitochondria and fluoresces red, while it exhibits green
fluorescence in cells with depolarized Δψm. In untreated
FRDA cells and cells treated with 5 μM 2 in addition to 1 mM
BSO, the JC-1 dye exhibited red−orange fluorescence (Figure
3B, top left and bottom right quadrants), indicating that 2
preserved mitochondrial membrane potential in the presence of
BSO. Treatment with 1 mM BSO prevented accumulation of
JC-1 in the mitochondria of cells, resulting in green
fluorescence indicating the complete loss of mitochondrial
membrane potential (Figure 3B, bottom left quadrant). The
mitochondrial chemiosmotic proton gradient (ΔμH+) was
dissipated upon treatment with carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP), a commonly
used uncoupler of oxidative phosphorylation. The green
fluorescence exhibited by cells upon FCCP treatment indicates
the depolarization of the mitochondrial inner membrane
potential (Figure 3B, top right quadrant). In summary, the
above data clearly indicate that 2 effectively preserves the
mitochondrial membrane potential under conditions of
oxidative stress, an event linked to the disruption of
mitochondrial function prior to cell death.
The ability of 2 to protect differentiated SH-SY5Y cells

against Aβ-induced cell death was also studied. Compound 2
decreased Aβ 1−42 induced cytotoxicity in a concentration-
dependent manner as shown (Figure 4), while geldanamycin
actually increased cytotoxicity at comparable concentrations
(see, however, ref 28). In addition, compound 2 itself exhibited
no cytotoxicity (Figure S1, Supporting Information) and did
not inhibit Hsp90, as judged by its lack of effect on the client
proteins Her2 and Hsp70 (Figure S4, Supporting Information),
the cellular locus of geldanamycin action. This is in agreement
with published results showing that the ansa chain plays a key
role in the Hsp90 binding and inhibition by geldanamycin12

and reflects the cytoprotective activity of many benzoquinone
analogues.10,46

In conclusion, we have synthesized a simple analogue of
geldanamycin that was demonstrated to quench lipid
peroxidation, confer cytoprotection, and preserve mitochon-
drial membrane potential in FRDA lymphocytes under
conditions of severe induced oxidative stress. Unlike
geldanamycin, 2 was not cytotoxic and did not inhibit Hsp90,
further suggesting its therapeutic potential for use in the
treatment of neurodegenerative diseases.
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