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1011 Abstract—Mitochondrial dysfunction and oxidative stress are very prominent and early features in Parkinson’s
disease (PD) and in animal models of PD. Thus, antioxidant therapy for PD has been proposed, but in clinical trials
such strategies have met with very limited success. Methylene blue (MB), a small-molecule synthetic heterocyclic
organic compound that acts as a renewable electron cycler in the mitochondrial electron transport chain, mani-
festing robust antioxidant and cell energetics-enhancing properties, has recently been shown to have significant
beneficial effects in reducing nigrostriatal dopaminergic loss and motor impairment in acute toxin models of PD.
However, no studies have investigated the impact of this promising agent in chronic models or for olfactory dys-
function, an early non-motor feature of PD. To test the efficacy of low-dose MB for olfactory dysfunction, motor
symptoms, and dopaminergic neurodegeneration, mice were injected with ten subcutaneous doses of 25 mg/kg
MPTP, plus 250 mg/kg intraperitoneal probenecid or saline/probenecid at 3.5-day intervals. Following the onset of
olfactory dysfunction, MPTP/probenecid (MPTP/p) and saline/probenecid mice were provided drinking water with
or without 1 mg/kg/day MB. Oral delivery of low-dose MB significantly ameliorated MPTP/p-induced deficits in
motor coordination, as well as degeneration of tyrosine hydroxylase (TH)-positive neurons of the substantia nigra
and TH-positive terminals in the striatum. Importantly, olfactory dysfunction was ameliorated by MB treatment,
whereas this benefit is not observed with currently available anti-Parkinsonian medications. These results indi-
cate that low-dose MB is a promising neuroprotective intervention for both motor and non-motor features of
PD. Published by Elsevier Ltd on behalf of IBRO.
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12 INTRODUCTION

13 Parkinson’s disease (PD) has long been viewed as a

14 motor system disorder, promoting an era of therapeutics

15 focused almost exclusively on dopamine neurons and

16 motor symptoms. However, the disease is accompanied

17 by numerous non-motor manifestations that add

18 significantly to the overall level of disability (Marras and

19 Chaudhuri, 2016). Current PD treatment, based primarily

20 on pharmacological replacement of dopamine to treat

21 motor symptoms, provides only symptomatic relief that

22typically wanes in efficacy after a few years. As therapeu-

23tic effectiveness diminishes, patients begin to suffer from

24drug-resistant motor symptoms (speech impairment,

25abnormal posture, gait and balance problems), as well

26as increasing drug side effects (psychosis, motor fluctua-

27tions, dyskinesia). Thus, replacing lost dopamine is

28clearly insufficient for arresting the disease progression.

29In fact, many non-motor symptoms (olfactory, sleep, and

30autonomic dysfunctions, anxiety, depression) precede

31the motor symptoms by years, or even decades

32(Pfeiffer, 2016; Schapira et al., 2017). Since non-motor

33symptoms are likely caused by the same protein aggrega-

34tion pathologic mechanism that leads to motor symptoms,

35this temporal pattern begs the question of whether

36disease-modifying therapeutic strategies aimed at non-

37motor symptoms during the prodromal stage might also

38prevent or delay dopaminergic neurodegeneration and

39motor symptoms, thereby providing much-needed thera-

40peutic benefit.
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41 Methylene blue (MB) (methylthioninium chloride) is a

42 small-molecule synthetic heterocyclic organic

43 compound. At low levels (nanomolar), MB acts as a

44 renewable electron cycler in the electron transport

45 chain, thereby enhancing cytochrome oxidase activity

46 and ATP production, promoting cell survival (Rojas

47 et al., 2012). MB also decreases production of reactive

48 oxygen species in the electron transport chain via bypass-

49 ing complex I/III activity. Hence, MB has the potential to

50 mitigate oxidative damage. Indeed, mitochondrial impair-

51 ment and oxidative stress are very prominent features in

52 the PD brain (Lavrovsky et al., 2000; Ahlskog, 2005). Tis-

53 sue samples from human PD patients provide convincing

54 evidence for oxidative damage to a broad range of macro-

55 molecules, such as nucleic acids, lipids, and proteins

56 (Sanders and Greenamyre, 2013). Moreover, in vitro
57 and in vivo studies suggest that oxidative stress can

58 induce a-synuclein aggregation (Hashimoto et al., 1999;

59 Kowall et al., 2000), an early event in the initiation of

60 PD. Interestingly, the olfactory bulb, one of the two brain

61 regions where a -synucleinopathy first appears, is also

62 very susceptible to mitochondrial compromise, oxidative

63 stress, and excitotoxicity. Furthermore, olfactory dysfunc-

64 tion is an early warning sign, with olfactory loss occurring

65 in up to 90% of PD patients. Although the precise mech-

66 anisms of mitochondrial dysfunction and oxidative stress

67 in the etiology or pathogenesis of PD are yet to be eluci-

68 dated, available data suggest that they contribute signifi-

69 cantly to neurodegeneration in PD (Sanders and

70 Greenamyre, 2013). In addition to acting as a renewable

71 electron cycler in the mitochondrial electron transport

72 chain, MB exerts its effect through other mechanisms rel-

73 evant to PD – e.g., inducing autophagy, promoting neuro-

74 genesis, elevating monoamine levels through inhibition of

75 monoamine oxidases, inhibiting nitric oxide synthase and

76 nitric oxide-sensitive soluble guanylate cyclase, and

77 blunting inflammatory responses (Deutsch et al., 1996;

78 Sontag et al., 2012; Guerrero-Munoz et al., 2014).

79 Recently, MB has been shown to have significant

80 beneficial effects in reducing nigrostriatal dopaminergic

81 loss, motor impairment, and attentional deficits in acute

82 toxin models of PD (Rojas et al., 2009; Wen et al.,

83 2011; Smith et al., 2017). However, no studies have

84 investigated the impact of this promising agent in chronic

85 models or for olfactory dysfunction, an early non-motor

86 feature of PD. Typically, non-motor features precede

87 motor symptoms. To the extent that non-motor and motor

88 deficits share similar mechanisms, drugs that mitigate

89 non-motor symptoms (e.g., olfactory dysfunction) should

90 have a better chance of being disease modifying than

91 those that address only motor symptoms, provided the

92 treatment is initiated at an early stage. Thus, olfactory effi-

93 cacy may forecast the prevention or delay in onset of

94 motor dysfunction in clinical trials of novel disease-

95 modifying drugs. Additionally, to the best of our knowl-

96 edge, this is the first study on the effect of MB on a chronic

97 MPTP/probenecid mouse model of PD. Given the diverse

98 pathological processes and heterogeneity in the expres-

99 sion and progression of the clinical manifestations of

100 PD, as well as the likelihood that there are multiple con-

101 tributing etiologic factors, there is no single ideal animal

102model. Therefore, testing of promising drug candidates

103in multiple models is critical for assessing predictive value

104of successful translation of drugs into the clinic.

105EXPERIMENTAL PROCEDURES

106Mice

107Male C57BL/6J mice at 10 weeks of age were group-

108housed in a 14/10-h light/dark cycle. Animal husbandry

109was in accordance with the National Institutes of Health

110Guide for the Care and Use of Laboratory Animals,

111Society for Neuroscience Policies on the Use of Animals

112and Humans in Neuroscience Research, and

113institutional requirements for animal care. A total of 30

114mice were used. Baseline general activity in the open

115field, as well as proper righting reflex, were assessed

116before the experiment. All treatments and behavioral

117tests were performed during the light cycle. For the

118behavioral tests the mice were acclimatized to the

119testing room for at least 1 h prior to the session. The

120smallest possible number of mice was used (based on

121power calculations) and all efforts were made to

122minimize suffering.

123MPTP/probenecid treatment

124One week after the baseline assessment of general

125activity and righting reflex, the mice in one group were

126treated with ten subcutaneous doses of 25 mg/kg MPTP

127(Sigma, St. Louis, MO, USA) in saline, plus 250 mg/kg

128intraperitoneal probenecid (Sigma) in Tris–HCl buffer at

1293.5-day intervals for a total of five weeks (MPTP/p

130group; n= 20; Fig. 1) (Meredith et al., 2008). Mice in

131the other group received saline and probenecid on the

132same schedule and were used as controls (Saline/p

133group; n = 10).

134MB treatment

135To assess the therapeutic effects of MB in early-stage

136disease, eleven days after the first dose of MPTP/p the

137animals were screened for olfactory dysfunction by

138recording the time spent in familiar versus unfamiliar

139compartments (Prediger et al., 2010). Following the onset

140of olfactory dysfunction (day 11 post MPTP/p), one sub-

141group from each of the MPTP/p (n = 10) and Saline/p

142(n = 5) mice were given 1 mg/kg/day MB, USP (Akorn,

143Lake Forest, IL, USA) in drinking water (Hosokawa

144et al., 2012), whereas the remaining MPTP/p (n= 10)

145and Saline/p (n= 5) mice were given regular drinking

146water (Fig. 1). Of the 20 mice in the MPTP/p arm 5 died

147of acute toxicity during MPTP/p treatment, thus reducing

148the total number in the MPTP/p arm to 15 (7 MPTP/p

149and 8 MPTP/p+ MB, as shown in Fig. 2). Body weight

150and liquid consumption were monitored throughout the

151course of MB treatment. Water intake averaged between

1524.3 and 4.7 ml/30 g body weight/day. MB did not induce

153any significant change in liquid consumption. The

154selected concentration of MB in the drinking water was

155based on the assumption that a 30-g mouse drinking

1564.5 ml of liquid/day would receive MB at 1 mg/kg body
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