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Abstract
Androgenetic alopecia (AGA) is a prevalent hair loss condition in males that develops 
due to the influence of androgens and genetic predisposition. With the aim of elucidat-
ing genes involved in AGA pathogenesis, we modelled AGA with three- dimensional 
culture of keratinocyte- surrounded dermal papilla (DP) cells. We co- cultured immortal-
ised balding and non- balding human DP cells (DPCs) derived from male AGA patients 
with epidermal keratinocyte (NHEK) using multi- interfacial polyelectrolyte complexa-
tion technique. We observed up- regulated mitochondria- related gene expression in 
balding compared with non- balding DP aggregates which indicated altered mitochon-
dria metabolism. Further observation of significantly reduced electron transport chain 
complex activity (complexes I, IV and V), ATP levels and ability to uptake metabolites 
for ATP generation demonstrated compromised mitochondria function in balding DPC. 
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1  |  INTRODUC TION

Androgenetic alopecia (AGA) is a prevalent hair loss condition in 
males that develops due to the influence of androgens1 (dihydrotes-
tosterone (DHT) being the active form) and genetic predisposition.2– 5 
The causative genes for AGA at the majority of genetic risk loci for 
AGA6– 13 are not identified yet and require further investigation.

In the hair follicle (HF), dermal papilla cells (DPCs) are present as a 
tight spherical aggregate in the bulb and are surrounded by epidermal 
cells such as hair matrix cells, a precursor of specialised keratinocytes. 
DPCs are essential for the hair growth process,14 playing crucial roles 
in HF formation during follicular morphogenesis and inducing growth 
phase (anagen) of the HF cycle.15,16 The dermal papilla (DP) is widely 
accepted as the main site of androgen response in the HF for hair 
growth and hair cycle regulation,17– 19 with multiple studies using two- 
dimensionally (2D) cultured primary DPC derived from non- balding 
and/or balding scalps as models to understand hair growth/loss in 
AGA.20– 23 However, 2D cultured DPC inaccurately model cellular 
conformation of DPC and dermal– epidermal interactions in the HF. 
Furthermore, the rapid loss of DP characteristics in primary DPC upon 
2D culturing24 limits the utility of 2D cultured primary DPC as mod-
els. Immortalised DPCs, which retain majority of DPC characteristic 
and are amenable to culturing and expansion for experimentation, 
are a viable alternative to primary DPC as cell models.25 Co- culture 
models consisting of dermal (i.e. DPC) and epidermal components (i.e. 
keratinocytes) using Transwells18,26,27 and layered collagen/Matrigel 
gels28– 30 allow the study of dermal– epidermal interactions but still do 
not allow DPC assembly as spherical aggregates. Further, methods 
which encapsulate DP spheres among epidermal cells31 do not allow 
simple isolation of DPC from epidermal cells after co- culturing and 
pose challenges for targeted analysis of DPC.

Optimal cellular health is heavily dependent on fine balance 
between energy production and the management of by- products 
which can cause cellular stress. The maintenance of this fine balance 
involves the mitochondria, the ‘powerhouse’ organelle, which plays 
a crucial role in energy production through the integration of cellular 
intermediates from various metabolic pathways such as glycolysis, 

oxidative phosphorylation and tricarboxylic acid (TCA) cycle and 
is also involved in important cellular process such as apoptosis. 
Dysfunction of the mitochondria can arise from abnormalities in mi-
tochondria DNA (mtDNA) expression and mitochondria protein syn-
thesis, which can lead to integrated mitochondria stress response 
and contribute to the pathology of various diseases.32,33

In this study, we co- cultured immortalised balding (BAB) and 
non- balding (BAN) human DPC derived from separate male AGA 
patients with adult human epidermal keratinocytes (NHEK) under 
physiological DHT concentrations. We used multi- interfacial poly-
electrolyte complexation (MIPC) to model the 3D morphology and 
dermal– epidermal interaction between the DPC (dermal) and kera-
tinocytes (epidermal) that is present in the hair follicle bulb in order 
to uncover genes involved in AGA pathogenesis. We identified up- 
regulation of mitochondria- related genes in isolated BAB aggregates 
compared with BAN aggregates. Further, we observed increased 
mitochondrial reactive oxygen species (mtROS) levels, altered ac-
tivity level of electron transport chain (ETC) complexes, decreased 
metabolite uptake and decreased ATP levels in BAB, which support 
our hypothesis of potential mechanistic links between altered mito-
chondria function in balding DPC and hair loss.

2  |  MATERIAL S AND METHODS

2.1  |  Fabrication of MIPC fibre scaffolds for 3D 
assembly of DPC and NHEK

We prepared 3D fibrous hydrogel scaffolds containing DPC (BAB or 
BAN) and NHEK by MIPC34– 37 to obtain separate DPC aggregates 
and NHEK aggregates organised in fibres within spatially defined 
domains that are permissible for paracrine signalling interactions 
between the DPC and NHEK domains (Supplementary Materials 
and Methods in Appendix S1; Figure S1A,B). All experimental condi-
tions were prepared in biological triplicates. We assessed gene and 
protein expression of keratinocyte induction/activation markers 
in the HF, KRT15 (keratin 15) and KRT19 (keratin 19),38,39 in BAN 

Balding DP was also found to be under significantly higher oxidative stress than non- 
balding DP. Our experiments suggest that application of antioxidants lowers oxidative 
stress levels and improves metabolite uptake in balding DPC. We postulate that the 
observed up- regulation of mitochondria- related genes in balding DP aggregates re-
sulted from an over- compensatory effort to rescue decreased mitochondrial function 
in balding DP through the attempted production of new functional mitochondria. In 
all, our three- dimensional co- culturing revealed mitochondrial dysfunction in balding 
DPC, suggesting a metabolic component in the aetiology of AGA.

K E Y W O R D S
androgens, co- culture techniques, mitochondrial genes, oxidative phosphorylation, oxidative 
stress
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co- cultured NHEK aggregates and BAB co- cultured NHEK aggre-
gates (Supplementary Materials and Methods in Appendix S1).

2.2  |  Differential gene expression analysis 
between BAB aggregates and BAN aggregates

To uncover genes involved in AGA pathogenesis, we compared the 
transcriptome of isolated BAB and BAN aggregates. Briefly, fabri-
cated MIPC scaffolds were maintained in MIPC media for 9 days, 
conditioned in phenol red- free MIPC media for 24 h, followed by 
treatment with 10 nM DHT for 6 h or 24 h, respectively. DPC ag-
gregates were isolated for RNA- seq by size selection. Following 
RNA- seq and differentially expressed transcript identification, 
gene ontology (GO) clustering enrichment analysis was conducted 
on common differential transcripts in BAB compared with BAN ag-
gregates across 6- h and 24- h 10 nM DHT treatment (Figure S1C). 
Downstream analysis focused on top enriched GO clusters such as 
the mitochondria- related GO terms. The expression of identified 
mitochondria- related genes was validated in 2D- primary DPC from 
3 AGA cases and 2 non- affected controls, and 3D- mono- cultured 
BAB and 3D- mono- culture BAN (Supplementary Materials and 
Methods in Appendix S1). Common differential transcripts were an-
notated with AGA risk SNPs (p < 5 × 10−8) identified from genome- 
wide meta- analysis comprising of 10 864 early- onset AGA cases 
and 12 122 controls from 8 independent GWAS13 (Supplementary 
Materials and Methods in Appendix S1).

2.3  |  Mitochondria quantification PCR

We assessed mtDNA copy number to determine whether increased 
mitochondria- related gene expression was related to mitochon-
dria biogenesis. mtDNA was assessed by quantification PCR of 
mtDNA-  (ND1, ND4, mtMinArc) and a nuclear DNA- specific (B2M ) 
gene in BAB aggregates and BAN aggregates. mtDNA copy num-
ber presented as a ratio against B2M  (Supplementary Materials and 
Methods in Appendix S1).

2.4  |  Effect of up- regulated mitochondria- 
related gene expression on DP mitochondrial 
health and function

We assessed if up- regulation of mitochondria- related genes in 
balding DP affected mitochondria health and function by assess-
ing mitochondria network morphology, mtROS levels, mitochondria 
respiration rates, activity of ETC complexes, ATP levels and apop-
tosis levels. We measured mtROS levels in BAB and BAN following 
24- h treatment with 10 nM DHT and attempted to reduce ROS lev-
els by applying ROS scavengers (ascorbate, N- acetylcysteine (NAC) 
or etomoxir). Mitochondria respiration (oxygen consumption rate, 

pmol O2/min) was also measured and presented as %OCR±SEM. 
Acute respiration rate calculated by difference between baseline 
and maximum FBS- induced %OCR. Mitochondria complex I, II, IV 
and V activity assays were conducted on 24- h 10 nM DHT- treated 
BAB and BAN. Complex III activity in BAB and BAN could not be as-
sessed due to lack of specific complex activity assay. We also meas-
ured ATP levels in BAB and BAN following treatment with 10 nM 
DHT and ROS scavenger to determine whether ETC function was 
affected. Activated caspase- 3/7 level was measured in 10 nM DHT- 
treated BAB, BAN and primary DPC following complex I inhibition 
to assess apoptotic response upon ETC dysfunction (Supplementary 
Materials and Methods in Appendix S1).

2.5  |  Statistical analysis

Statistical analysis was conducted with GraphPad Prism v7. Multiple 
t- test was carried out to test for difference between KRT14- 
normalised KRT15 and KRT19 expression in BAB co- cultured NHEK 
aggregates compared with BAN co- cultured NHEK aggregates. 
Two- tailed t- test was carried out to test for differences in mtDNA 
copy number between BAB aggregates and BAN aggregates, to de-
termine differences in mtROS levels in BAB compared with BAN, 
and to determine differences in mtROS level between BAB and 
BAN under each ROS scavenger treatment. Two- tailed t- test was 
also used to test for differences in acute respiration levels, complex 
I, II, IV and V activity, ATP levels and activated caspase- 3/7 levels 
between tested conditions. Statistical significance is determined 
with alpha =0.05.

3  |  RESULTS

3.1  |  Differential keratin expression in NHEK after 
three- dimensional co- culture with BAN compared 
with BAB

To compare gene expression profiles of DPCs from hair follicles of 
balding vs. non- balding scalp, we used established BAB and BAN 
cell lines25 and cultured these in 3D together with NHEK in MIPC 
fibres. The culture media contained DHT to mimic a physiological 
situation. We found that all cells were viable in our MIPC cultur-
ing model (Figures S2 and S3), with BAB and BAN organising in 
distinct spherical aggregates (diameters ≥70 µm) that were sur-
rounded by NHEK aggregates (diameters ≤50 µm). Each cell type 
was arranged in fibres that were inter- twined so that DPCs and 
NHEK formed spatially defined domains that allowed paracrine 
interaction (Supplementary Results in Appendix S1, Figure 1A– F). 
RNA- seq analysis of isolated BAB and BAN aggregates at baseline 
without DHT treatment showed expression of 62.4% (73 out of 
117, FPKM≥1) and 68.4% (80 out of 117, FPKM≥1) of DP signa-
ture genes (Table S1A). Normalised KRT15 (keratin 15) and KRT19 
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(keratin 19) expression was up to 6.70-  and 8.01- fold higher in BAN 
co- cultured NHEK compared with BAB co- cultured NHEK, respec-
tively, although not reaching statistical significance (Figure 1G– H, 
Figure S4, Table S1B). Similar expression trend was confirmed with 

KRT15 and KRT19 immunostaining (Figure 1I– L). Overall, our 3D 
co- culturing system displayed characteristics of DPCs and pro-
vided a model system to search for differences between balding 
and non- balding DPCs.

3.2  |  Mitochondria- related genes are up- regulated 
in BAB aggregates compared with BAN aggregates

Investigating the RNA- seq data derived from our model system, 
we observed distinct gene expression profiles between BAB and 
BAN aggregates (Figure 2A, Table S2). Commonly up- regulated 
transcripts in BAB compared with BAN aggregates after 6 h 
and 24 h of 10 nM DHT treatments (Figure 2B– D, Table S3) 
were highly enriched in GO clusters related to mitochondria 
(71 mitochondria- related genes), antioxidant activity, translation 
and ubiquitin- dependent protein catabolic process (Figure 2E, 
Figures S5 and S6, Table 1, Table S4). Since mitochondrial function 
has been described as being crucial for murine hair follicle mor-
phogenesis,40 we investigated this category in more detail and 
aimed to validate this up- regulation in independent primary DP 
samples derived from frontal scalps short- term cultured without 
DHT. We assayed 59 mitochondria- related genes by expression 
arrays and observed the up- regulation of 58 mitochondria- 
related genes in primary- culture non- immortalised DP cells from 
independent AGA cases (n = 3) as compared to non- affected 
controls (n = 2) (Table S5). 12 mitochondria- related genes were 
significantly up- regulated in AGA cases compared to controls 
(p ≤ 0.05), supporting our findings from BAN and BAB aggre-
gates and suggest that at least part of the mitochondrial gene 
up- regulation is DHT independent. Apart from the up- regulation 
of mitochondria- related genes, we also observed the overlap of 
3 up- regulated genes in BAB aggregates (TTC27, MSN, YIPF6; 

F I G U R E  1   Co- culturing of DPC (BAB/BAN) and NHEK with 
MIPC technique. MIPC scaffold consisting of (A, B) BAB aggregates 
and NHEK, and (D, E) BAN aggregates and NHEK under light 
microscopy. Immunostaining with VCAN (versican, green) and 
CK14 (cytokeratin 14, red) show organisation of (C) BAB and (F) 
BAN in distinct versican- positive aggregates surrounded by CK14 
positive NHEK aggregates. Self- assembly of DPC into aggregates 
was observed in the MIPC scaffolds 24 h after complexation. DPC 
aggregate diameter ≥70 µm. NHEK aggregate diameter ≤50 µm. 
Aggregate size difference was used to enrich for DPC aggregates 
after co- culturing for transcriptome analysis. Bar in (A) and (D) 
=500 µm; bar in (B) and (E) =200 µm; bar in (C) and (F) =100 µm. 
(G) KRT15 expression and (H) KRT19 expression were lower in BAB 
co- cultured NHEK aggregates compared with BAN co- cultured 
NHEK aggregates but did not reach significance based on t- test. 
Expression values were KRT14- normalised (Table S1B, mean±SD, 
N = 3). Lower KRT15 expression in (I) BAB co- cultured NHEK 
compared with (J) BAN co- cultured NHEK was also observed 
from immunostaining. Lower KRT19 expression in (K) BAB co- 
cultured NHEK compared with (L) BAN co- cultured NHEK was also 
observed from immunostaining. KRT15/KRT19 indicated in green. 
NHEK indicated by CK14 staining (red), bar =200 µm
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Table S3A) with AGA risk SNPs of genome- wide significance13 
(Table S6), adding evidence these up- regulated genes might con-
tribute to AGA development.

To explore whether the mitochondria- related phenotype was in-
fluenced by the cell context with regards to 3D culturing and/or co- 
culturing with keratinocytes, we investigated the mitochondrial gene 
set in 2D and 3D mono- cultures of BAB and BAN (Supplementary 
Methods in Appendix S1). Both mono- culturing conditions reflected 
only in part the significant up- regulation of mitochondria- related 
genes observed in BAB aggregates (significant up- regulation of 
25 mitochondria- related genes in 2D mono- cultures and significant 
up- regulation of 12 mitochondria- related genes in 3D hanging drop 
mono- cultures) suggesting that signalling between keratinocytes 
and DPCs contributes to this phenotype (Supplementary Results in 
Appendix S1, Figure S11, Tables S7 and S8). We note that differ-
ences in 3D culturing conditions, in particular the absence of DHT 

in the mono- cultures, may contribute to 3D mono-  vs. co- culture 
differences.

3.3  |  Mitochondria numbers are similar in BAB 
aggregates and BAN aggregates

Since a number of the up- regulated mitochondria- related genes were 
encoded by mitochondrial DNA, we wondered whether a higher 
number of mitochondria per cell in BAB compared with BAN could 
explain the up- regulation. We tested this by comparing the quan-
tity of mitochondrial DNA (mtDNA) compared with nuclear DNA of 
BAB and BAN. We observed similar mtDNA levels between BAB and 
BAN aggregates (Figure 3A) which indicated that the increased ex-
pression of mitochondria- related genes in BAB aggregates was not 
related to difference in mitochondria numbers.

F I G U R E  2  Differential gene expression between BAB aggregates and BAN aggregates isolated from MIPC scaffolds. (A) Clustering of 
BAB aggregate and BAN aggregate samples based on all expressed genes revealed distinct transcriptome profile among BAB aggregates 
and BAN aggregates. (B) Number of differentially expressed transcripts (FDR- corrected p- value ≤0.05, FPKM ≥1 in BAB aggregate and/or 
BAN aggregate) in BAB aggregate as compared to BAN aggregate with 6 h and 24 h of 10 nM DHT treatment (Table S2). (C) 1050 transcripts 
(Table S3A) were found to be commonly up- regulated in BAB aggregates compared with BAN aggregates under 6 h and 24 h of 10 nM DHT 
treatment. (D) Heatmap of all significantly up- regulated and significantly down- regulated transcripts in BAB aggregates compared with BAN 
aggregates across 6 h and 24 h DHT treatment. Normalised expression across triplicates of each condition displayed. (E) Up- regulated genes 
in BAB aggregates as compared to BAN aggregates (Table S3A) were highly enriched in GO clusters related to translation, mitochondria 
(sub- terms: mitochondrial envelope, respiratory electron transport chain, hydrogen ion transmembrane transporter activity, tricarboxylic 
acid cycle and mitochondria transport), ubiquitin- dependent protein catabolic process and anti- oxidant activity (Table S4A). Maximum 
enrichment score of each GO cluster indicated below respective term
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3.4  |  Effect of up- regulated mitochondria- 
related gene expression on DP mitochondrial 
health and function

To understand what the functional consequences of the mitochon-
drial expression difference are, we investigated mitochondrial 

network morphology. We observed a difference in mitochon-
drial network morphology between BAB and BAN, with 2.20- fold 
(p < 0.01; Figure 3B) increase in total mitochondria volume and 
2.64- fold (p < 0.01; Figure 3C) increase in surface area in BAB 
compared with BAN, respectively, with more connected networks 
and tubular- shaped mitochondria in BAB than BAN. Mitochondria 

TA B L E  1  List of up- regulated mitochondria- related transcripts in BAB aggregates compared with BAN aggregates under 6 h and 24 h of 
10 nM DHT stimulation

Gene Transcript ID

log2(fold change)

Gene Transcript ID

log2(fold change)

6 h DHT 24 h DHT 6 h DHT 24 h DHT

ALDH18A1 ENST00000371224.2 2.509 2.282 MT- ND1 ENST00000361390.2 2.963 3.251

ATP1A1 ENST00000369496.4 1.669 2.015 MT- ND2 ENST00000361453.3 2.992 3.365

ATP5B ENST00000262030.3 1.844 2.079 MT- ND3 ENST00000361227.2 3.108 3.248

ATP5E ENST00000243997.3 2.476 3.097 MT- ND4 ENST00000361381.2 3.612 3.813

ATP5E ENST00000243997.3 1.887 2.237 MT- ND5 ENST00000361567.2 3.163 3.451

ATP5G3 ENST00000409194.1 2.193 2.383 NDUFA1 ENST00000371437.4 1.543 1.572

ATP5H ENST00000301587.4 1.436 1.442 NDUFA12 ENST00000327772.2 1.858 2.023

ATP6V0D1 ENST00000290949.3 1.595 1.896 NDUFA8 ENST00000373768.3 1.306 1.384

ATP6V1A ENST00000273398.3 1.915 2.128 NDUFB10 ENST00000268668.6 1.704 1.679

ATP6V1B2 ENST00000276390.2 1.411 1.403 NDUFB4 ENST00000184266.2 1.450 1.268

ATP6V1E1 ENST00000253413.5 1.827 1.878 NDUFB7 ENST00000215565.2 1.369 1.785

BAK1 ENST00000374467.3 2.402 3.119 NDUFS4 ENST00000296684.5 1.448 1.420

CHCHD3 ENST00000262570.5 2.283 2.439 NDUFS5 ENST00000372967.3 3.135 3.036

COX17 ENST00000261070.2 1.674 1.843 NDUFS8 ENST00000313468.5 2.110 2.889

COX4I1 ENST00000253452.2 1.517 1.342 NDUFV1 ENST00000322776.6 2.114 1.895

COX6A1 ENST00000229379.2 1.574 1.676 OLA1 ENST00000344357.5 1.893 2.207

COX7A1 ENST00000292907.3 3.143 2.937 PDHB ENST00000302746.6 2.713 2.796

COX7B ENST00000481445.1 1.374 1.435 PMPCA ENST00000371717.3 1.454 1.365

CYB5A ENST00000340533.4 4.012 4.071 PRDX3 ENST00000298510.2 1.393 1.471

CYB5R2 ENST00000299498.6 3.714 4.050 RRM2B ENST00000251810.3 2.557 2.220

CYB5R3 ENST00000352397.5 2.672 2.108 SDHB ENST00000375499.3 2.444 2.811

CYCS ENST00000413447.1 2.502 2.743 SDHC ENST00000367975.2 1.615 1.891

DGUOK ENST00000418996.1 1.721 1.674 SHMT2 ENST00000414700.3 2.379 2.470

FH ENST00000366560.3 2.032 2.832 SLC25A20 ENST00000319017.4 2.479 2.938

FIS1 ENST00000223136.4 1.573 1.719 SLC25A38 ENST00000273158.4 3.232 3.066

HADH ENST00000309522.3 1.846 1.918 SLC25A44 ENST00000359511.4 1.871 2.132

HMGCL ENST00000374490.3 1.929 1.705 SLC25A5 ENST00000317881.8 1.974 3.181

HSD17B10 ENST00000168216.6 1.857 2.349 STOML2 ENST00000356493.5 2.167 2.502

IDH3A ENST00000441490.2 1.750 2.264 SUCLG1 ENST00000393868.2 1.654 1.834

IMMT ENST00000449247.2 1.740 2.184 SUCLG2 ENST00000307227.5 2.846 2.955

MDH1 ENST00000394423.1 1.957 2.112 TIMM10B ENST00000254616.6 2.208 2.516

MFN2 ENST00000235329.5 2.554 2.358 TIMM23 ENST00000260867.4 1.897 1.985

MRPL17 ENST00000288937.6 2.672 2.442 TIMM8A ENST00000372902.3 2.113 2.426

MRPL17 ENST00000529958.1 2.133 2.288 TOMM20 ENST00000366607.4 1.336 1.384

MT- ATP6 ENST00000361899.2 3.567 3.769 TOMM34 ENST00000372813.3 2.005 2.326

MT- CO1 ENST00000361624.2 3.265 3.835 UQCRH ENST00000311672.5 2.002 1.823

MT- CO2 ENST00000361739.1 3.506 3.757 UQCRQ ENST00000378667.1 1.607 1.824

MT- CO3 ENST00000362079.2 3.617 4.044 VDAC3 ENST00000022615.4 1.627 1.683

MT- CYB ENST00000361789.2 3.968 4.220 Total: 71 genes (73 transcripts)
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were also more spherical in BAN (Figure S7). As this suggested 
biological differences in mitochondria function between BAB and 
BAN, we compared the biochemical characteristics of both cell 
types. Twofold (p < 0.01) increase in mtROS level was observed 
in BAB compared with BAN (Figure 3D), in agreement with earlier 
reports of oxidative stress being associated with senescence of 

AGA DPCs.23 Next, we tested scavengers to reduce ROS levels. 
The ROS scavenger NAC significantly decreased mtROS levels in 
both BAB and BAN (p < 0.01), while ascorbate and etomoxir did 
not show this effect (Figure 3E). To further characterise the mi-
tochondrial dysfunction, we measured the difference in oxygen 
consumption rate in BAB and BAN upon exposure to FBS to assess 

F I G U R E  3  Mitochondrial copy number, reactive oxygen species levels, mitochondria complex activity and respiration in BAB and BAN. 
(A) Mitochondria copy number are similar in BAB aggregates and BAN aggregates as evidenced by quantitative PCR of mtDNA compared 
with nuclear DNA (B2M ) at three mtDNA regions assayed (ND1, ND4, mtMinArc). Mean±SD, N = 3. Both (B) volume and (C) surface area of 
mitochondria network are higher in BAB compared with BAN (p < 0.01) as shown from quantitative measurement of imaged mitochondria 
networks. Mean±SD, N = 5. (D) Twofold higher mtROS level was detected in BAB compared with BAN using flow cytometry of MitoSOX 
Red- stained DPC. Mean±SD, N = 3. (E) Significantly reduced MitoSOX Red fluorescence levels were detected in BAB and BAN following 
treatment with ROS scavenger, NAC. Mean±SD, N = 4. (F) Acute effect of FBS on DHT- treated BAB and BAN with antioxidants, etomoxir 
and ascorbate. Mean±SEM, N = 3– 6. Under the influence of 10 nM DHT, the activity of complexes (G) I, (H) II, (I) IV and (J) V was 0.598- 
fold lower (p < 0.01), 2.060- fold higher (p < 0.05), 0.540- fold lower (p < 0.01) and 0.746- fold lower (p < 0.05) in BAB compared with 
BAN, respectively. Mean±SD, N = 4 for (G– J). (K) Total ATP levels are lower in BAB compared to BAN under 10 nM DHT and antioxidant 
(ascorbate, NAC, etomoxir) treatment. #, ##, ### indicate p ≤ 0.05, p ≤ 0.01, p ≤ 0.001 with respect to DHT only treatment, respectively. *, **, 
*** indicate p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, respectively. Mean±SD, N = 5
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metabolite uptake response and found the acute effect of FBS ad-
dition in BAB to be 0.769- fold (p < 0.01) of that in BAN, docu-
menting a lower oxygen consumption rate for BAB. Antioxidants 
(ascorbate41 and etomoxir) were included in the assay to inves-
tigate whether ROS scavenging impacted respiration rate since 
we have observed higher mtROS in BAB compared with BAN. 
Etomoxir treatment rescued and increased acute effect in BAB 
by 2.489- fold (p < 0.001). However, treatment with ascorbate re-
sulted in 4.2- fold decrease (p < 0.05) of acute respiration in BAB. 
We observed a 1.683- fold increase (p < 0.05) in acute effect in 
BAB from the combinatory treatment of etomoxir and ascor-
bate, likely attributed to the sole actions of etomoxir (Figure 3F, 
Figures S8 and S9, Supplementary Results in Appendix S1).

To understand the cause of the altered mitochondrial function, 
we investigated the activities of the different functional complexes 
of the ETC. Complex II activity was increased in BAB compared 
with BAN (2.060- fold, p < 0.05), while the activities of complexes 
I (0.598- fold, p < 0.01), IV (0.540- fold, p < 0.01) and V (0.749- fold, 
p < 0.05) were surprisingly decreased in BAB compared with BAN 
(Figure 3G– J) suggesting a reduced rather than increased activity of 
these ETC components in BAB. In addition, we found significantly 
lower ATP levels in BAB compared with BAN (0.523- fold, p < 0.001) 
supporting reduced mitochondrial function in BAB. Treatment with 
ascorbate, NAC and etomoxir, resulted in 1.759- fold (p < 0.05), 
2.099- fold (p < 0.01) and 2.039- fold (p < 0.001) increase in BAB ATP 
levels, respectively (Figure 3K), suggesting these reagents rescue as-
pects of mitochondrial dysfunction. To test for apoptotic response 
upon ETC dysfunction, we inhibited ETC complex I, which has re-
duced activity in BAB (Figure 3G), in BAB, BAN and primary DPC. 
We found significantly increased levels of activated caspase- 3/7, 
an indicator of cellular apoptosis in all three cell types (p < 0.01, 
p < 0.001 and p < 0.0001, respectively) (Figure S10). Baseline acti-
vated caspase- 3/7 level was also 2.802- fold higher in BAB compared 
with BAN (p < 0.01).

4  |  DISCUSSION

We characterised immortalised DPC derived from AGA- affected 
vertex balding (BAB) and occipital non- balding (BAN) male scalps in- 
depth previously25 and have shown that BAB and BAN reflect char-
acteristics of DPCs25 with epigenetic states that are related to AGA 
genetic risk variants.13 In the present study, we analyse BAB and BAN 
as DPC aggregates within spatially defined domains from NHEK in 
MIPC scaffolds.36 The utilisation of MIPC scaffolds to co- culture DP 
and NHEK provides several advantages over current 3D co- culturing 
methods. First, components used to fabricate the fibres of the MIPC 
scaffolds, namely chitin and alginate, are structural polysaccharides 
that are not naturally found in humans and thus unlikely to elicit 
unintended effects on the cultured cells. Second, DPC and NHEK 
cultured within MIPC scaffolds can be released by dissolution of the 
fibres, which allows easy isolation of DP aggregates from all released 
cells for targeted analysis. Third, cultured DPCs were free to interact 

with NHEK present in neighbouring domains through paracrine sig-
nalling. Furthermore, exogenous molecules such as DHT can diffuse 
into all domains to elicit effects on the cultured cells. The observed 
lower gene and protein expression of KRT15 and KRT19, markers of 
keratinocyte induction/activation in the HF,38,39 in BAB co- cultured 
NHEK compared with BAN co- cultured NHEK is concordant with 
the expected decreased keratinocyte activation by balding DPC 
compared with non- balding DPC (Figure 1G– L, Table S1B) and pro-
vides support for the usage of this BAB/BAN and NHEK MIPC co- 
culture model for AGA- related studies.

We found significant up- regulated expression of mitochondria- 
related genes in BAB compared with BAN aggregates from GO clus-
tering analysis of all differentially expressed genes (Figure 2, Table 1, 
Tables S2,S3 and S4). This up- regulation of mitochondria- related 
genes could not be attributed to increased mitochondrial biogene-
sis in BAB (Figure 3A). Instead, the up- regulation of mitochondria- 
related genes corresponded to an increase in mitochondrial volume 
but a decrease in mitochondrial oxidative phosphorylation (OxPhos) 
and ETC complex activity, which is indicative of altered mitochon-
drial metabolism between BAB and BAN aggregates. Strikingly, up- 
regulated genes were localised to all five ETC complexes (complex 
I- V) (Table 1, Figure S6B) while glycolysis- related genes were sim-
ilarly expressed (Table 1, Table S4B, Figure S5), indicating that po-
tential alterations to metabolism in BAB compared with BAN were 
occurring at the mitochondria. We also found the same trend of 
overall up- regulation of mitochondria- related genes in primary DPCs 
from independent AGA cases compared with controls (Table S5), 
suggesting that the BAB/BAN 3D co- culture aggregates reflect a 
general balding DPC phenomenon.

The possible contribution of altered mitochondrial metabolism 
to AGA pathogenicity was not unexpected as mitochondrial function 
has been shown to be crucial for hair morphogenesis. The loss of 
ETC components in epidermal cells result in early fur development 
abnormalities42 as well as decreased hair morphogenesis and prema-
ture regression of HF to telogen phase.40 Furthermore, low laser light 
therapy for male AGA is postulated to increase hair growth through 
activating mitochondrial respiration and ATP production.43– 46 
These suggest deficient mitochondria activity in DPC from balding 
scalp, which is congruent with our findings. Thus, the up- regulated 
mitochondria- related gene expression observed in BAB aggregates 
was likely an overall compensatory mechanism to correct for defi-
ciencies in OxPhos, whereby mitochondrial bioenergy production 
machinery- related gene expression and mitochondrial volume/sur-
face area were up- regulated in response to compensate for reduced 
energy production in balding DPC. In agreement with the above 
postulation, we found that up- regulated ETC complex subunit gene 
expression in BAB aggregates did not result in a corresponding gen-
eral increase in ETC complex activity (Figure 3G– J). Instead, activity 
levels of nuclear-  and mtDNA- encoded ETC complexes47 (complex I, 
IV and V) were lower in BAB compared with BAN, while the activ-
ity of entirely nuclear- encoded complex47 (complex II) was higher in 
BAB compared with BAN. ATP levels were also lower in BAB com-
pared with BAN (Figure 3K) along with decreased complex V (ATP 
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synthase) activity. Hence, our findings suggest an overall reduction 
in mitochondrial energy production within the DPC of balding scalps, 
as balding DPCs are impeded in mitochondrial ATP generation due 
to reduced ETC activity and reduced ability to uptake metabolites 
for ATP generation at the same rate as BAN (Figure 3F).

The significantly higher mtROS levels observed in BAB (Figure 3D– 
E) likely resulted from an acquired OxPhos deficiency in BAB that 
resulted from ineffective transfer and accumulation of electrons,48 
which damages OxPhos machinery in a vicious cycle. Of interest, NAC 
treatment significantly reduced mtROS levels in BAB, suggesting that 
NAC or its derivatives might be explored as potential AGA treatments. 
The increased presence of ROS and the implied higher oxidative stress 
in BAB compared with BAN aggregates was further supported by the 
observed up- regulation of anti- oxidation- related genes such as the 
glutathione peroxidases (GPX7- 8)49,50 and the peroxiredoxins (PRDX1- 
5)51– 54 in BAB (Tables S2A,C and S3A). Increased peroxiredoxins 
and glutathione peroxidase expression have been reported in AGA- 
affected vertex lower follicle sections as compared to control vertex 
lower follicle sections,55 providing validation of increased oxidative 
stress in balding scalps as compared to unaffected scalps from inde-
pendent AGA samples. Of note, the increased PRDX1 expression in 
BAB may amplify androgen/AR- regulated effects,56 leading to altered 
expression of androgen/AR- regulated hair loss/growth genes.

Oxidative stress has been suggested to account for impaired hair 
growth in AGA, where balding DPC was more susceptible to oxida-
tive stress than non- balding DPC, with ROS increasing hair growth in-
hibitors (TGFβ1/TGFβ2) secretion and DPC senescence.23 We found 
that disruption of ETC activity via inhibition of complex I activity can 
lead to a significantly increased DPC apoptosis (Figure S10), that is 
likely due to the activation of apoptosis pathways and cell death by 
mtROS signalling.57 Thus, the elevated mtROS levels we observed in 
BAB compared with BAN suggest that DPC in balding scalps are in a 
more pro- apoptotic state than DPC in non- balding scalps, in agree-
ment with our observation of higher baseline apoptosis levels in BAB 
compared with BAN (Figure S10). This can potentially lead to minia-
turisation of hair formed during the anagen phase of subsequent hair 
cycles due to DPC death and an overall reduction of cell numbers in 
the DP of balding scalps.58,59

Based on the above observations, we postulate the following 
mechanism linking altered mitochondria function in balding DPC 
to AGA development (Figure 4). A gradual decline in mitochondrial 
ETC activity and efficiency in the DPC of balding scalps results in 
gradually higher mtROS levels, which further hamper ETC complex 
function and decrease ATP production in a vicious cycle. As majority 
of ATP is produced in the mitochondria, reduced mitochondrial ATP 
production triggers an energy crisis where ATP generated in the cy-
tosol via glycolysis is syphoned to fuel cellular energetic needs. The 
reliance on cytosolic ATP results in its depletion and leads to energy 
starvation. Accumulation of mtROS manifests as oxidative stress in 
the DPC and pushes the cells into a pro- apoptotic state. In an at-
tempt to evade the mtROS- induced apoptosis, DPCs increase perox-
iredoxins and glutathione peroxidases to detoxify mtROS, increased 
mitochondria- related gene expression to increase mitochondrial 
ETC complex formation and increased mitochondrial fusion to form 
elongated networks with larger volume and surface area to increase 
ATP production. The mtROS- induced oxidative stress also stimulates 
secretion of hair growth inhibitors by the DPC. Despite these com-
pensatory adaptations, the energy starvation and oxidative stress 
in the DPC from balding scalps still result in some cell death and 
reduced DPC numbers, and lead to smaller sized hairs generated in 
subsequent hair cycles. When follicles eventually enter telogen, the 
DPC- derived inductive cues produced by the low number of DPC are 
insufficient to induce the next cycle of new hair formation. The scalp 
then appears to lack hair owing to the replacement of long thick ter-
minal hairs with vellus hairs. Although AGA- affected and unaffected 
scalp tissues are currently limited and difficult to obtain, future work 
will focus on the systematic validation of these mechanisms.

This study has limitations which call for careful interpretation 
and further validation of the findings; however, it does not diminish 
the overall impact of the conclusions which were validated orthog-
onally whenever possible. The first limitation is the usage of NHEK 
as the epidermal component in lieu of hair follicle- specific kerati-
nocytes, such as outer root sheath keratinocytes, due to technical 
limitations. However, the aim of our study was to investigate the role 
of epithelium and it is well established that human dermal papillae 
are able to reprogram non- hair bearing keratinocytes to a follicular 

F I G U R E  4  Potential mechanism of 
AGA development due to mitochondrial 
deficiency. AGA is postulated to develop 
due to ineffective respiration in DPC of 
balding scalps, where ineffective oxidative 
phosphorylation and increased levels of 
ROS lead to DPC apoptosis and eventual 
replacement of terminal hairs with vellus 
hair, a hallmark of AGA- affected scalps. 
Experimental observations are indicated 
in orange
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fate.24,60 Studies using outer root sheath keratinocyte co- culturing 
would strengthen our findings. The second limitation is the usage of 
BAB and BAN derived from separate AGA donors in lieu of immor-
talised DPC derived from vertex and occipital region of the same 
AGA donor, or immortalised DPC derived from vertex region of AGA 
donor(s) and unaffected control(s). This constrain was due to diffi-
culty of isolating DP from donors and the low efficiency of the sub-
sequent immortalisation of the isolated primary DP cells, a limitation 
that remains difficult to overcome.

In summary, we show that three- dimensional co- culturing of 
DPC (BAB/BAN) with NHEK using the MIPC technique is suitable for 
hair/AGA- related studies. The observed changes in mitochondria- 
related genes in BAB aggregates corresponded to higher oxidative 
stress, impaired mitochondrial ETC complex activity, lowered acute 
respiration and decreased ATP generation in BAB. We postulate 
that a gradual decline in mitochondrial function in the DP of balding 
scalps contributes to hair loss and further shows the potential utility 
of ROS scavengers in rescuing mitochondrial function in the balding 
DPC.
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SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.
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