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Increased superoxide in GCH1 mutant fibroblasts points to a dopamine-independent 
toxicity mechanism  
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GCH1 encodes GTP cyclohydrolase 1 (GCH1), the rate-limiting 
enzyme in tetrahydrobiopterin (BH4) synthesis [1]. BH4 is a cofactor 
for tyrosine hydroxylase, the rate-limiting enzyme in dopamine syn-
thesis. GCH1 mutations cause DOPA-responsive dystonia (DRD), a 
non-neurodegenerative condition resulting from dopamine deficiency. 
However, GCH1 mutations and GCH1 locus variants are also an 
important risk factor for developing Parkinson’s disease (PD) [2,3]. The 
mechanism by which GCH1 mutations predispose to dopaminergic 
neurodegeneration, is unknown. It has been speculated that chronic 
dopamine depletion might jeopardize nigrostriatal neuronal health [2]. 
Alternatively, toxicity could be independent of dopamine deficiency, as 
BH4 acts as an antioxidant through direct scavenging of superoxide (O2

− ) 
[4]. Moreover, BH4 is an essential cofactor for the nitric oxide synthase 
(NOS) enzymes [1]. Reduced BH4 availability impairs the ability of NOS 
to produce NO and instead promotes NOS-mediated O2

− production, a 
phenomenon known as NOS uncoupling [1]. Thus, nigrostriatal 
neuronal vulnerability in GCH1 mutation carriers could also be due to 
oxidative stress, independently of the dopamine synthesis defect. 

Fibroblasts do not express tyrosine hydroxylase and do not produce 
dopamine. Here, to explore potential dopamine-independent toxicity 
mechanisms of GCH1 mutations, we analyzed apoptosis and O2

− pro-
duction in skin fibroblasts from 4 patients carrying 3 different known 
pathogenic GCH1 mutations and 4 age-matched healthy controls (Sup-
plementary Table 1; Supplementary Materials and Methods). Two pa-
tients (PAT1 and PAT4) showed dopaminergic neurodegeneration on 
dopamine transporter (DAT) imaging, while PAT2 and PAT3 had DRD 
with normal DAT scan (Supplementary Table 1). 

In skin fibroblasts, GCH1 expression is known to be very low in basal 
conditions but to be strongly induced by treatment with interferon-γ 
(IFN-γ) (Supplementary Materials and Methods). Indeed, GCH1 was 
almost undetectable in patient and control cells in basal conditions, but 
was strongly upregulated after 24 h treatment with IFN-γ (Supplemen-
tary Fig. 1). GCH1 abundance after IFN-γ treatment was significantly 
lower in mutant than control fibroblasts (Supplementary Fig. 1): relative 
to respective age-matched controls, GCH1 level was 49.0 ± 13.2% in 
PAT1 (P < 0.05; N = 3), 52.0 ± 5.5% in PAT2 (P < 0.001; N = 3), 57.4 ±
18.1% in PAT3 (P < 0.05; N = 7) and 40.5 ± 15.7% in PAT4 (P < 0.01; N 

= 4). 
We exposed IFN-γ-treated fibroblasts to the classic apoptosis- 

inducing agent staurosporine and assessed apoptosis using western for 
cleaved PARP (Supplementary Figs. 2A–D). Staurosporine induced dose- 
dependent apoptosis both in patient and control cells (Supplementary 
Figs. 2A–D). Interestingly, staurosporine induced significantly more 
apoptosis in fibroblasts from PAT1, PAT3 and PAT4 than in controls 
(Supplementary Figs. 2A,C,D). By contrast, PAT2, a DRD patient with 
normal DAT scan at the age of 60, did not show increased apoptosis 
compared with control cells (Supplementary Fig. 2B). TUNEL staining 
confirmed that IFN-γ-treated fibroblasts from PAT1, PAT3 and PAT4, 
but not PAT2, were more susceptible to staurosporine-induced apoptosis 
than controls (Supplementary Fig. 3). In the absence of IFN-γ treatment, 
there were no significant differences in staurosporine-induced apoptosis 
between mutant and control cells (Supplementary Fig. 4). 

If the increased fibroblast apoptosis of some GCH1 mutation carriers 
is caused by BH4 deficiency, it should be mitigated by supplementation 
with exogenous BH4. However, uptake of extracellular BH4 into 
cultured cells is very inefficient [5]. By contrast, the BH4 precursor 
sepiapterin is taken up efficiently and converted intracellularly to BH4 
via the salvage pathway, which does not require GCH1 (Supplementary 
Fig. 5) [4,5]. Indeed, sepiapterin significantly diminished 
staurosporine-induced apoptosis in PAT1 fibroblasts (Supplementary 
Fig. 2E). 

We then measured O2
− levels using dihydroethidium. Importantly, 

IFN-γ-treated fibroblasts from all 4 GCH1 mutation carriers had signif-
icantly higher O2

− levels than controls, both with and without staur-
osporine treatment (Fig. 1A–D). Without IFN-γ treatment, there were no 
significant differences in O2

− levels between mutant and control cells 
(Supplementary Fig. 6). 

The higher O2
− levels in IFN-γ-treated GCH1 mutant fibroblasts 

compared with IFN-γ-treated control cells could result from loss of the 
direct O2

− scavenging effect of BH4 [4]. Alternatively, BH4 deficiency 
could increase O2

− production via NOS uncoupling [1]. To distinguish 
between these 2 mechanisms, we used the NOS inhibitor L-NAME. 
L-NAME abolished the increased O2

− levels in IFN-γ-treated mutant fi-
broblasts, both with and without staurosporine treatment (Fig. 1E), 
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indicating that NOS mediated enhanced O2
− production in the mutant 

cells. Moreover, L-NAME also mitigated staurosporine-induced apoptosis 
in GCH1 mutant fibroblasts (Fig. 1F and G). 

In conclusion, IFN-γ-treated fibroblasts from 4 GCH1 mutation car-
riers all displayed increased O2

− , and fibroblasts from 3 of the 4 carriers 
showed increased staurosporine-induced apoptosis. NOS inhibition 
mitigated O2

− production and apoptosis in GCH1 mutant fibroblasts, 
suggesting that O2

− production by uncoupled NOS may be a dopamine- 
independent mechanism contributing to toxicity of GCH1 mutations. 

Although all 4 mutation carriers showed increased O2
− levels, only 3 

also showed increased apoptosis. This difference in apoptosis in the face 
of elevated O2

− could be due to (epi)genetically determined interindi-
vidual differences in anti-oxidant defence mechanisms. It will be inter-
esting to investigate this also in iPSC-derived GCH1 mutant neurons. 

GCH1 mutant and control fibroblasts in our study were carefully 
matched for donor age, because donor age can affect the response of 
cultured human skin fibroblasts to oxidative stress [6]. A limitation of 

our study was that donors of mutant and control fibroblasts were not 
entirely gender-matched. However, there is no evidence, to our knowl-
edge, that apoptosis or oxidative stress in cultured human skin fibro-
blasts are affected by donor gender. 

We found some correlation between the fibroblast and clinical phe-
notypes. The 2 carriers with dopaminergic neurodegeneration (PAT1 
and PAT4) both had increased apoptosis in fibroblasts, whereas there 
was no increased apoptosis in the 60-year-old carrier with normal DAT 
scan (PAT2). However, this correlation was not perfect, as the 25-year- 
old carrier with normal DAT scan (PAT3) nevertheless had increased 
apoptosis in fibroblasts. Follow-up will tell whether PAT3 will develop 
neurodegeneration later in life. 
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Fig. 1. Increased O2
− levels in GCH1 mutant fibroblasts. (A–D) GCH1 mutant and control fibroblasts were pre-treated with IFN-γ (250 U/mL) for 24 h and then 

exposed to staurosporine (STS, 1 μM) or DMSO for 2 h, followed by measurement of O2
− levels with dihydroethidium (DHE). N = 6 in (A), N = 5 in (B); N = 3 in (C) 

and (D). *P < 0.001, #P < 0.05, §P < 0.01 compared with control cells after the same treatment. (E) GCH1 mutant and control fibroblasts were pre-treated with IFN-γ 
(250 U/mL) for 24 h and then exposed to STS (1 μM) or DMSO for 2 h, as in (A-D). Where indicated, L-NAME treatment (2 mM) was started 1 h before STS or DMSO 
and continued throughout STS or DMSO exposure. O2

− levels were measured with DHE (N = 5). *P < 0.001 compared with control cells after the same treatment; #P 
< 0.005 compared with mutant cells without STS or L-NAME treatment; §P < 0.001 compared with mutant cells treated with STS without L-NAME. (F,G) GCH1 
mutant and control fibroblasts were pre-treated with IFN-γ (250 U/mL) for 24 h and then exposed to STS (1 μM) or DMSO for 5 h. Where indicated, L-NAME treatment 
(2 mM) was started 1 h before STS or DMSO and continued throughout STS or DMSO exposure. The amount of cleaved PARP normalized to β-actin was quantified on 
western (N = 6). *P < 0.05 compared with mutant cells treated with STS without L-NAME. #P < 0.001 compared with control cells treated with STS without L-NAME. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
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