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A B S T R A C T   

The Pentose Phosphate Pathway (PPP), a metabolic offshoot of the glycolytic pathway, provides protective 
metabolites and molecules essential for cell redox balance and survival. Transketolase (TKT) is the critical 
enzyme that controls the extent of “traffic flow” through the PPP. Here, we explored the role of TKT in main-
taining the health of the human retina. We found that Müller cells were the primary retinal cell type expressing 
TKT in the human retina. We further explored the role of TKT in human Müller cells by knocking down its 
expression in primary cultured Müller cells (huPMCs), isolated from the human retina (11 human donors in 
total), under light-induced oxidative stress. TKT knockdown and light stress reduced TKT enzymatic activities 
and the overall metabolic activities of huPMCs with no detectable cell death. TKT knockdown restrained the PPP 
traffic flow, reduced the expression of NAD(P)H Quinone Dehydrogenase 1 (NQO1), impaired the antioxidative 
response of NRF2 to light stress and aggravated the endoplasmic reticulum (ER) stress. TKT knockdown also 
inhibited overall glucose intake, reduced expression of Dihydrolipoamide dehydrogenase (DLD) and impaired the 
energy supply of the huPMCs. In summary, Müller cell-mediated TKT activity plays a critical protective role in 
the stressed retina. Knockdown of TKT disrupted the PPP and impaired overall glucose utilisation by huPMCs and 
rendered huPMCs more vulnerable to light stress by impairing energy supply and antioxidative NRF2 responses.   

1. Introduction 

Müller cells, specialised radial glial cells, are the primary glial cell in 
the retina. The primary processes of the Müller cell span the entire 
thickness of the neural retina, from the inner to the outer limiting 
membrane [1]. Müller cells perform diverse functions in the retina, 
including maintaining water and electrolyte balance, regulating syn-
aptic activity, maintaining mechanical tissue homeostasis, neuro-
vascular coupling and, possibly, neuro-regeneration. Müller cells 
provide both trophic and antioxidative support to photoreceptors and 

neurons. All this maintains retinal homeostasis with relief of oxidative 
stress [2]. 

Müller cells actively participate in the pathogenesis of prevalent and 
diverse retinal diseases [3]. These include, but are not limited to, retinal 
detachment [4], diabetic retinopathy (DR) [5], age-related macular 
degeneration (AMD) [6], immunologic retinal diseases [7] and Type 2 
Macular Telangiectasia [8]. Müller glia are among the first retinal cell 
types to exhibit metabolic changes in retinal diseases [9]. Recent reports 
suggest Müller cells are the primary sites of de novo synthesis of serine 
and glutathione in the neural retina, supporting neurons and protecting 
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them from oxidative stress [10]. The disturbance of homeostasis caused 
by the malfunction of Müller glia may contribute to the elevated retina 
stress level. 

The Pentose Phosphate Pathway (PPP), an offshoot of the glycolytic 
pathway, plays critical metabolic and non-metabolic roles essential for 
cell survival. It generates nicotinamide adenine dinucleotide phosphate 
(NADPH), which combats retinal oxidative stress by maintaining the 
appropriate reducing environment [11]. PPP is the primary retinal 
source of NADPH, in addition to pathways linked to mitochondria [12]. 
PPP plays a critical role in cellular energy supply, branching from 
glucose 6-phosphate (G6P), producing NADPH and ribose 5-phosphate 
(R5P), while also shunting carbon atoms back to the glycolytic or glu-
coneogenic pathway [13]. 

Transketolase (TKT) is a critical enzyme in the non-oxidative branch 
of the PPP [14] that bridges the PPP and glycolysis [15]. TKT transfers 
two carbon units from xylulose-5-phosphate (Xu5P) to 
ribose-5-phosphate, generating sedoheptulose-7-phosphate (S7P) and 
glyceraldehyde-3-phosphate (G3P). TKT can also transfer two carbon 
units from Xu5P to erythrose-4-phosphate (E4P), yielding 
fructose-6-phosphate (F6P) and G3P. F6P can either be used for 
glycolysis or be converted back to G6P to replenish the oxidative PPP. 
G3P can also be utilised in glycolysis, depending on cellular re-
quirements. TKT also has non-enzymatic functions that participate in the 
development of hepatocarcinoma [16], the outcomes of ovarian cancer 
patients [17] and the metastasis of breast cancer [18]. However, the role 
of TKT in the retina is unknown. Here we report that TKT is almost 
exclusively expressed by Müller glia in the human neural retina, and 
TKT-dependent PPP function is crucial for the health of the Müller cells. 

2. Materials and methods 

Ethics: The protocols for human retina studies were approved by the 
Human Research Ethics Committee of the University of Sydney 
(HREC#:16/282) and the University of Sydney Institutional Biosafety 
Committee (21E011). Consent was obtained for experimentation on 
human tissue. The donors were 41–79 years old and the post-mortem 
delay times were between 15 and 36 h (see supplementary file S2). 

Vibratome sectioning: Retinal punches (5 mm diameter) were fixed 
in 4% PFA in PBS for 1 h at room temperature before being transferred to 
fresh PBS. The retina punches were then embedded in 3% low-melting 
agarose (Lonza, Rockland, ME, 50,100) in PBS before sectioning at a 
100 μm thickness using a vibratome (Leica, Germany, VT1200S). These 
sections were stored in 48-well cell culture plates (Corning, NY, 3548) in 
PBS at 4 ◦C until use. 

Immunostaining: For vibratome sections, tissue sections were 
blocked with 5% normal goat serum and 1% Triton X-100 in PBS in 48- 
well cell culture plates at 4 ◦C overnight, followed by primary antibody 
incubation for four days at 4 ◦C. The tissue samples were incubated with 
species-specific secondary antibodies, conjugated to Alexa Fluor 488 
and 594 for two days at 4 ◦C. The primary and secondary antibodies 
were diluted in PBS containing 1% normal goat serum and 1% Triton X- 
100. Nuclei were stained with Hoechst 33342. After thorough washing, 
the vibratome sections were mounted onto polylysine glass slides in 
Vectashield Antifade Mounting Medium (Vector Laboratories, Burlin-
game, CA, H-1000) and then cover-slipped. Fluorescence was detected 
with a confocal microscope (Zeiss, Germany, LSM 700) equipped with 
405-, 488-, and 555-nm lasers. The contrast and brightness of the images 
were adjusted using Zen Software, Black Edition (ZEN Digital Imaging 
for Light Microscopy from Zeiss, Germany). Slides were defrosted for 
human retinal cryosections and blocked with 5% normal goat serum and 
0.5% Triton X-100 in PBS at room temperature for 1 h. The slides were 
then washed with PBS and incubated with the primary antibodies at 4 ◦C 
overnight. The slides were washed with PBS and incubated with sec-
ondary antibodies the next day at room temperature for 4 h. The primary 
and secondary antibodies were diluted in PBS containing 1% normal 
goat serum and 0.5% Triton X-100. Nuclei were stained with Hoechst 

33342. The slides were mounted and images were acquired as described. 
The primary antibodies used were TKT (Novus, Littleton, CO, NBP1- 
87441, 1:200 dilution), CRALBP (Abcam, UK, 15,051, 1:500 dilution), 
GFAP (Abcam, UK, ab53554, 1:500 dilution). Cells were seeded in EZ 
SLIDE (Millicell, Germany, PEZGS0816) for huPMCs staining and 
treated before being ready for immunostaining. The cell culture medium 
was removed. The cells were then washed twice with PBS and fixed with 
2% PFA for 60 min at room temperature. After washing with PBS twice, 
the cells were blocked with 5% normal goat serum and a 0.5% Triton X- 
100 in PBS for 1 h at room temperature. The cells were then incubated 
with anti-TKT (1:50 dilution) and anti-GS (Millipore, Burlington, MA, 
MAB302, 1:50 dilution) antibodies overnight at 4 ◦C. The cells were then 
washed with PBS three times and incubated with secondary antibodies 
(Alexa Fluor 488 and Alexa Fluor 594) for 2 h at room temperature. 
Primary and secondary antibodies were diluted in 1% goat serum and a 
0.5% Triton X-100 in PBS. After this, the cells were washed with PBS 
three times and incubated with Hoechst 33342 for 5 min. The cells were 
washed with PBS three times. The walls of the EZ SLIDE were broken, as 
described in the manual. The slides were mounted, and the images were 
acquired as described. 

Western Blot: Proteins were collected by RIPA buffer (Sigma- 
Aldrich, St. Louis, MO, R0278) with protease/phosphatase inhibitor 
(Cell Signalling Technology, Danvers, MA, 5872S). Total proteins were 
mixed with NuPAGE loading dye and reducing buffer (Life Technolo-
gies, Carlsbad, CA) and heated for 10 min at 70 ◦C. The supernatants 
were loaded onto the NuPAGE 4–12% Tris-Bis gels (Life Technologies). 
Proteins were separated by electrophoresis at a constant 180 V at 4 ◦C 
for 70 min. The gels were transferred onto polyvinylidene difluoride 
membrane (PVDF, Millipore, Burlington, MA) at a constant 100 V at 4 ◦C 
for one and a half hours. The membranes were incubated in 5% bovine 
serum albumin (BSA) in Tris-buffered Saline with 0.1% Tween 20 
(TBST) for 1 h to block non-specific binding. The following primary 
antibodies were used: α, β-Tubulin (Cell Signalling Technology, 2148, 
1:1000 dilution), Transketolase (Novus, Littleton, CO, NBP1-87441, 
1:500 dilution), GAPDH (Cell Signalling Technology, 2118, 1:1000 
dilution), NQO1 (Abcam, UK, ab34173, 1:2000 dilution), DLD (Pro-
teintech, Rosemont, IL, 16431-1-AP, 1:2000 dilution), IRE1α (Cell Sig-
nalling Technology, 3294, 1:1000 dilution) and pIRE1α (Novus, NB100- 
2323, 1:1000 dilution). After extensive washing, protein expression was 
visualised using ECL (Biorad, Hercules, CA, 170–5061) and quantified 
with the Gene Tools image scanning and analysis package. 

Human primary Müller cells (huPMCs) culture: huPMCs were 
cultured as previously described [19]. Briefly, the human retina was 
collected in a yellow sterile tube containing 5 mL DMEM (Gibco, Ama-
rillo, TX, 10569). All DMEM below was this unless otherwise mentioned. 
The tube was wrapped in foil to avoid light and kept in the cold room 
overnight. On the next day, the retina tissue was digested in TrypLETM 

(Invitrogen, Waltham, MA, 12563–029) for 1 h in a cell culture incu-
bator. Digestion was terminated by the complete culture medium 
(DMEM + 10% fetal bovine serum (FBS, Sigma-Aldrich, F9423) +1% 
Penicillin-Streptomycin (Sigma-Aldrich, P4333)). The tissue was then 
cut into small pieces and transferred to a T25 cell culture flask (Corning, 
3289). The small pieces were nailed to the bottom of the flask by needles 
and covered with 2 mL complete culture medium. Another 2 mL fresh 
complete culture medium was added to the flask one week later. The 
huPMCs were maintained by changing the medium twice a week. The 
huPMCs usually grew out of the retina pieces in two-four weeks. 

siRNA transfection: huPMCs were cultured and passaged to P2 
before seeding. On day 0, P3 huPMCs were seeded in cell culture plates. 
The densities were as follows: 4000 cells per well in 96-well plates 
(Corning, 3340); 20,000 cells per well in 24-well plates (Corning, 3524); 
40,000 cells per well in 12-well plates (Corning, 3336); 80,000 cells per 
well in six-well plates (Corning, 3335). On day 3, the confluency usually 
reached 60%–70%. The complete culture medium was changed with the 
transfection culture medium (DMEM + 10% FBS), and the huPMCs were 
transfected with either control siRNA (Ambion, 4390843) or TKT siRNA 
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(Ambion, 4392420, siRNA ID 14161) by lipofectamine3000 (Invitrogen, 
L3000-008) according to the manual. Briefly, siRNA was diluted in Opti- 
MEM reduced serum medium (ThermoFisher, 31985070) to the final 
concentration of 10 nM in each well. Lipofectamine3000 was also 
diluted in Opti-MEM reduced serum medium to the lowest concentration 
suggested in the manual. The diluted siRNA and lipofectamine3000 
were mixed and incubated at room temperature for 5 min. The mixture 
was then added to the wells with a transfection culture medium. The 
cells were cultured in an incubator for three days before further 
treatment. 

2.1. 1, 2–13C2 glucose labelling experiment and metabolite analysis 

HuPMCs were cultured and seeded in six-well plates as described 
above. The culture medium was changed to a labelling medium (DMEM, 
no glucose; Gibco, 11966) with 5 mM 1, 2–13C2 glucose (Cambridge 
Isotope Lab, UK, 138079-87-5) three days after TKT siRNA treatment. 
The huPMCs were labelled with the tracer at 37 ◦C in a CO2 incubator for 
24 h. Then the metabolites were extracted with 80% methanol and 
analysed by gas chromatography-mass spectrometry (GC-MS) as 
described [20]. Molecules with different numbers of 13C atoms were 
distinguished and labelled with Mn (n: number of 13C). The measured 
distribution of the isotopologues was corrected for the natural abun-
dance of 13C metabolite intensity using the IsoCor [21]. 

Light exposure: The light exposure devices were set in a 37 ◦C cell 
culture incubator with 5% CO2 perfusion. An adjustable LED plate (Wuxi 
OcuTech, Wuxi, Jiangsu, China) was fixed at the top of a middle layer to 
emit white light. The plates exposed to strong light were settled at the 
same area straight under the LED plate, where light intensity was 
measured to be 32K lux. The light spectrum was shown in Fig. 2. Light 
intensity was measured both before and after light exposure. A tem-
perature detector was fixed at the bottom of the same layer to monitor 
the temperature in system. A fan was set to facilitate airflow. Most of the 
time, an area in the top layer of the incubator was set to place the dim 
light (5 lux) control plates. For AlamarBlue and LDH assay, cells in 
intense light exposed and dim light control groups were seeded apart in 
the same 96-well plates to avoid introducing variance from different 
plates when reading. The control wells were wrapped with foil when 
exposed to light. The plates’ black walls and transparent bottom allowed 
only light from the top to travel through the cells while blocking all 
reflected light from adjacent wells. Also, huPMCs were incubated with a 
starving culture medium (DMEM +1% FBS + 1% Penicillin- 
Streptomycin) overnight before exposure to light. 

TKT activity assay: P3 huPMCs were seeded in six-well plates and 
treated with siRNA and light, as described above. The assay was con-
ducted following the manual of the Transketolase Activity Assay Kit 
(Fluorometric) (BioVision, Milpitas, CA, K2004-100). Briefly, 50 μL TKT 
Assay Buffer was used in each well of a six-well plate to lyse the huPMCs. 
The lysates were collected and centrifuged at 10,000 g and 4 ◦C for 15 
min. Then, the supernatants were transferred to new clean tubes, and 
protein concentrations were calculated by QuantiProTM BCA Assay Kit 
(Sigma-Aldrich, QPBCA). For each sample, 1 μg protein was used in one 
assay reaction. The reactions were performed in the white flat bottom 
384 well plates (Corning, 3572). Measurements were immediately 
started with a plate reader (Safire, Tecan, Switzerland), recording 
fluorescence at Excitation/Emission 535/587 nm at 5 min intervals for 
45 min at 37 ◦C. Calculations were conducted according to the manual. 
The definition of the unit was that one unit of transketolase is the 
amount of enzyme that produces 1 μmol of G3P per minute at pH 7.5 at 
37ᵒC. 

AlamarBlue assay and LDH assay: P3 huPMCs were seeded in 96- 
well plates and treated with siRNA and light, as described above. Me-
dium in the wells was replaced with starving culture medium containing 
10% of AlamarBlue reagent (ThermoFisher, DAL1100) and incubated in 
a cell culture incubator. Fluorescence was detected hourly, according to 
the manual. The replaced medium was used for LDH assay using Pierce 

LDH Cytotoxicity Assay Kit (ThermoFisher, 88954). Briefly, the reaction 
mix in the kit was prepared according to the instruction. Supernatants 
collected from the replaced medium were mixed with the same amount 
of reaction mix in a 384-well plate (Corning, 3680) and incubated at 
room temperature for 30 min. According to the manual, absorbance was 
detected using a plate reader (Safire, Tecan). 

NADPH/NADP þ ratio Assay and ATP assay: P3 huPMCs were 
seeded in 24-well plates and treated with siRNA and light as described 
above. The NADPH/NADP + ratio assay was conducted following the 
manual of the NADP/NADPH-Glo™ Assay (Promega, Madison, WI, 
G9081). Briefly, the medium in the wells was replaced with 60 μL PBS. 
60 μL lysis buffer (0.2 N NaOH with 1%DTAB) was added to each well to 
lyse the cells. The lysates were homogenised and centrifuged to get su-
pernatants. NADPH levels and NADP + levels in the supernatant were 
detected individually: to measure NADP+, 15 μL 0.4 N HCl was mixed 
with 30 μL supernatants and heated at 60 ◦C for 15 min before 15 μL f 
Trizma® base was added; to measure NADPH, 30 μL supernatants were 
heated at 60 ◦C for 15 min before 30 μL HCl/Trizma solution was added. 
Luciferin Detection Reagent was prepared according to the manual. 10 
μL treated supernatants were mixed with 10 μL detection reagent in each 
well in a 384-well plate (Corning, 3572). Readings for NADPH and 
NADP+ were acquired by a plate reader (CLARIOstar), respectively, and 
NADPH/NADP + ratio was calculated accordingly. ATP assay was 
conducted following the fluorometric manual of the ATP Colorimetric/ 
Fluorometric Assay Kit (Sigma-Aldrich, MAK190). Briefly, to prepare a 
sample, cells in each well were lysed with 100 μL ATP assay buffer and 
deproteinised by a 10 kDa MWCO spin filter (Sartorius, Germany, 
VS0102). 0.01 mM ATP standard solution was used to generate stan-
dards. Samples and standards were mixed with the reaction mix pre-
pared from the kit in a 384-well plate (Corning, 3680). Part of the 
samples was separated and mixed with sample blank mix. After incu-
bation for 30 min at room temperature, fluorescence was detected by the 
plate reader (Safire, Tecan), and the ATP level was calculated 
accordingly. 

RNA sequencing: total RNA was extracted from treated huPMCs 
using GenEluteTM Single Cell RNA Purification Kit (Sigma-Aldrich, 
RNB300). A total amount of 1 μg RNA per sample was used as input 
material for the RNA sample preparations. Sequencing libraries were 
generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® 
(NEB, USA) following the manufacturer’s recommendations, and index 
codes were added to attribute sequences to each sample. To select cDNA 
fragments of preferentially 150–200 bp in length, the library fragments 
were purified with the AMPure XP system (Beckman Coulter, Beverly, 
USA). Then 3 μL USER Enzyme (NEB, USA) was used with size-selected, 
adaptor-ligated cDNA at 37 ◦C for 15 min followed by 5 min at 95 ◦C 
before PCR. Then PCR was performed with Phusion High-Fidelity DNA 
polymerase, Universal PCR primers and Index (X) Primer. Finally, PCR 
products were purified (AMPure XP system), and library quality was 
assessed on the Agilent Bioanalyzer 2100 system. According to the 
manufacturer’s instructions, the clustering of the index-coded samples 
was performed on a cBot Cluster Generation System using PE Cluster Kit 
cBot-HS (Illumina). After cluster generation, the library preparations 
were sequenced on an Illumina platform, and paired-end reads were 
generated. RNAseq data are available at https://www.ncbi.nlm.nih. 
gov/geo/query/acc.cgi?acc=GSE198554. 

RNA data analysis: Raw data (raw reads) of FASTQ format were 
first processed through fastp. In this step, clean data (clean reads) were 
obtained by removing reads containing adapter and poly-N sequences 
and reads with low quality from raw data. At the same time, Q20, Q30 
and GC content of the clean data were calculated. All the downstream 
analyses were based on clean data with high quality. Reference genome 
and gene model annotation files were downloaded from the genome 
website browser (NCBI/UCSC/Ensembl) directly. Paired-end clean reads 
were aligned to the reference genome using the Spliced Transcripts 
Alignment to a Reference (STAR) software. FeatureCounts was used to 
count the read numbers mapped of each gene. And then RPKM of each 
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gene was calculated based on the length of the gene and read counts 
mapped to this gene. Differential expression analysis between two 
conditions/groups (three biological replicates per condition) was per-
formed using the DESeq2 R package. Genes with a P-value < 0.05 found 
by DESeq2 were assigned as differentially expressed. 

QIAGEN Ingenuity Pathway Analysis (QIAGEN IPA) was used to 
study the functional changes after the treatments. Ingenuity canonical 
pathways with a p-value less than 0.05 and zScore no less than 2 were 
considered significant. 

Human retinal explant culture: human retinal explants were 
cultured as previously described [20]. The human retina was dissected. 
3 mm and 4 mm diameter retinal pieces were trephined with biopsy 
punches. The retinal explants were transferred to 12-well plates (Corn-
ing, 3513) equipped with cell culture inserts (Corning, 3460). The basic 
culture medium for the retinal explants was modified from the com-
mercial culture medium but was thiamine-free. A detailed formulation 
of the thiamine-free medium was provided in a supplementary file (S3). 
The thiamine free medium was supplemented with 2% B27 (Gibco, 17, 
504), 1% N2 (Gibco, 17,502), 1% ITS-X (Gibco, 51,500) and 1% Glu-
taMax (Gibco, 35,050). Thiamine (Sigma-Aldrich, T1270) and oxythi-
amine (Sigma-Aldrich, O4000) were dissolved in the inorganic salt 
solution (see supplementary file S3) respectively and added to the cul-
ture medium to the final concentration of 12 μM and 200 μM. The retinal 
explants were cultured for 24 h in the medium before being changed to a 
thiamine free medium supplemented with N2, B27, ITS-X and GlutaMax, 
and exposed to dim or strong light for 4 h before further analysis. 

TUNEL staining and quantification: vibratome sections from 
cultured retinal explants were stained with a TUNEL assay kit (Roche, 
Switzerland, 11684795910) according to the manual. Briefly, a total 
volume of 50 μL Enzyme Solution was added to the remaining 450 μL 
Label Solution to obtain a 500 μL TUNEL reaction mixture. The vibra-
tome sections were incubated in the wells of a 48-well plate, with a 125 
μL TUNEL reaction mixture in each well. The plate was sealed with 
parafilm and incubated in a 37 ◦C incubator for 1 h. Then the sections 
were washed with PBS and counterstained with Hoechst for 30 min. The 
sections were washed with PBS before being mounted as described 

above for imaging. Images were taken with a confocal microscope 
(Zeiss, Germany, LSM 700). TUNEL + cells were quantified by ImageJ. 
4–7 images for each slide were used for statistic analysis. 

3. Results 

3.1. TKT expression in human Müller cells in normal and diseased retina 

TKT expression in the human retina was analysed by immunofluo-
rescent staining on vibratome sections of the macula (Fig. 1A–D) and 
periphery (Fig. 1E–I). Human retinal sections were stained with TKT 
antibody (green, Fig. 1A, E) and the Müller cell marker, CRALBP anti-
body (red, Fig. 1B, F). TKT expression was predominately localised in 
the inner nuclear layer of the retina (Fig. 1C, G). The nuclei with positive 
TKT staining were wrapped by the CRALBP staining. This suggested the 
Müller cells express the TKT protein (Fig. 1I). We further explored the 
TKT expression in a retina from a donor with age-related macula 
degeneration (AMD) (Fig. S1). The AMD retinal section was stained with 
the Müller cell gliosis marker GFAP antibody (green, Fig. S1A) and TKT 
antibody (red, Fig. S1B). We found the expression of TKT significantly 
decreased in gliotic Müller cells (Figs. S1C and D). 

3.2. The role of TKT in human Müller cells 

TKT expression was further evaluated in different cells and tissues, 
including the human retina, human primary Müller cells (huPMCs), 
human embryonic kidney 293 cells (HEK293), and human extraocular 
muscle (Fig. 2A). TKT expression was normalised to the loading control 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and the relative 
TKT expression level was normalised to TKT expression in the human 
retina (Fig. 2B). We found that both human retina and huPMCs 
expressed TKT. TKT expression level was high in HEK293 cells (positive 
control) and negligible in muscle (negative control). 

TKT protein is gathered in the nucleus of the huPMCs and also 
distributed in the cytoplasm (Fig. 2C). TKT was further knocked down in 
huPMCs using siRNAs and confirmed by Western blot (Fig. 2D–E). TKT 

Fig. 1. TKT expression in the healthy human macula (A-D) and peripheral retina (E-I). A, B, E, F Human retina immunoreactivity for TKT (green, A and E) and 
CRALBP (red, Müller cell marker, B and F). C, G CRALBP and TKT double staining. D, H Bright-field images. I Field-enlarged image from G (dotted box). Both scale 
bars are equal to 50 μm. BF: bright field. GCL: ganglion cell layer. INL: inner nuclear layer. IS: inner segments. ONL: outer nuclear layer. OS: outer segments. TKT: 
transketolase. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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siRNAs reduced TKT protein level in huPMCs to 20–30% relative to 
negative control siRNAs. We used intense light to mimic the stress in the 
AMD retina. Light stress was applied to cultured huPMCs with or 
without TKT knockdown (apparatus in Fig. 2F) to explore the correla-
tion between TKT dysregulation and stress in huPMCs. HuPMCs were 
exposed to light stress for 4 h (32K lux, white light, spectrum in Fig. S2), 
with dim light (5 lux) as controls (see methods and flowchart (Fig. 2G) 
for device details). TKT activity levels were assessed in different treat-
ment groups to investigate how siRNA knockdown and light stress 
affected TKT activities in Müller cells. TKT activity was significantly 
reduced by TKT siRNA treatment, irrespective of whether light stress 
was applied (Fig. 2H). Two-way ANOVA analysis found that the inter-
action between TKT knockdown and light stress also contributed to the 
significant variance between the four groups (Fig. 2H). Light stress had a 
negative effect on enzyme activity. Intriguingly, 20–30% of residual TKT 

performed about 70% of the enzyme activities following siRNA knock-
down, with or without light stress. 

LDH assays were performed to assess whether decreased TKT activity 
resulted from cell death. Increased LDH activity is a sensitive assay for 
cell death, as dead cells release their intracellular LDH into the media. 
LDH activity levels were similar in the control and treated groups 
(Fig. 2I). AlamarBlue assay was used to evaluate the overall metabolic 
activity of huPMCs after treatments (Fig. 2J). The AlamarBlue assay 
indicates the rates of reducing resazurin to resorufin (a highly fluores-
cent red compound), thus demonstrating the reducing power of living 
cells originating from their metabolic activities. Light stress reduced the 
metabolic activity of huPMCs by 10% compared with dim light controls. 
The reduction was doubled to around 20% when TKT was knocked down 
simultaneously. 

Fig. 2. TKT function in human Müller cells. A WB analysis of TKT and GAPDH in the human retina, human primary Müller cells, HEK293 cells (positive control) and 
human extraocular muscle (negative control). B Quantitative analysis of TKT expression in the cells and tissue. TKT expression level is normalised against GAPDH. C 
Immunofluorescence of huPMCs with TKT (green) and Müller cell marker GS (red) staining. Scale bar = 20 μm. D WB analysis of TKT and α/β tubulin in huPMCs with 
control siRNA or TKT siRNA treatment. E Quantitative analysis of TKT expression with control siRNA or TKT siRNA treatment. TKT expression level is normalised 
against α/β tubulin. n = 8 per group. Error bars = SEM. F Light exposure apparatus within the cell culture incubator. G Experimental design schematic of light 
exposure following TKT knockdown: third passage (P3) huPMCs were seeded on day 0 and treated with siRNAs treatment on day 3. Three days later, cells were 
starved overnight. Light exposure experiments were conducted on day 7, followed by further analysis. H Reduction in TKT enzymatic activity after TKT knockdown 
and light stress. n = 3 per group. Error bars = SEM. I LDH assay and J AlamarBlue assay after TKT knockdown and light stress. All reads were normalised to the 
average read of the dim control group. n = 6 per group. Error bars = SEM. All comparisons between two groups (short lines) were conducted using a t-test. Longline 
in Figures H and J indicated an interaction between TKT knockdown and light exposure detected using two-way ANOVA. Long dash in figure I indicated no sig-
nificant difference between all four groups. ns: not statically significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. Errors bars = SEM. CRALBP: 
Cellular retinaldehyde–binding protein. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase. huPMCs: human primary Müller cells. LDH: Lactate dehydrogenase. 
siRNA: small interfering RNA. TKT: transketolase. WB: Western blot. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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3.3. Metabolic analysis of huPMCs following TKT knockdown 

1, 2–13C glucose was used as a tracer to evaluate glucose metabolism 
through PPP and glycolysis, as metabolites from PPP are labelled with 
one 13C, while glycolytic metabolites incorporate two 13C units. 
HuPMCs were treated with TKT siRNA or control siRNA for three days 
before being labelled with the tracer for 24 h. Nineteen metabolites and 
their isotopologues from labelled cells and culture medium were 
detected by gas chromatography-mass spectrometry (supplementary 
file S1). A schematic of labelled metabolic intermediates is shown: 1, 
2–13C glucose can enter the glycolytic pathway (yellow block) or the 
PPP (pink and grey blocks, respectively) (Fig. 3A). TKT controls con-
version between the sugars (glyceraldehyde 3-phosphate (GA3P), 
erythrose 4-phosphate (E4P), ribose 5-phosphate (R5P), xylulose 5- 
phosphate (Xu5P), fructose 6-phosphate (F6P), sedoheptulose 7- 

phosphate (S7P)) in the non-oxidative phase of PPP, potentially 
providing GA3P and F6P for glycolysis. Since it was very unlikely that 
M2 metabolites would be derived from PPP, or M1 metabolites from 
glycolysis, under our culture conditions, we believe that the M1 pyru-
vate was derived from the PPP only and the TCA M2 metabolites were 
generated from the first glycolytic cycle. 

The effect of TKT knockdown on pyruvate synthesis was assessed by 
comparing isotopologue distribution of labelled and unlabelled pyru-
vate between control and TKT knockdown huPMCs (Fig. 3B). The 
enrichment of M1 pyruvate, mainly synthesised from PPP, decreased 
after TKT knockdown, with total labelled pyruvate also decreasing. M1 
pyruvate detected in the medium also deceased after TKT knockdown 
(Fig. S3A, B). In addition, TKT knockdown decreased the abundance of 
all pyruvate isotopologues (Fig. 3C). 

M2 metabolites in TCA cycle intermediates mainly were derived 

Fig. 3. Metabolic analysis of huPMCs 
following TKT knockdown. A Schematic of 
metabolic pathways with intermediates 
labelled from 1, 2–13C glucose. Glucose en-
ters the tricarboxylic acid (TCA) cycle (blue 
block) after glycolysis (yellow block). Alter-
natively, glucose enters the PPP with the 
oxidative phase (pink block) and non- 
oxidative phase (grey block). GA3P and 
F6P in PPP non-oxidative phase can re-enter 
glycolysis in a TKT-dependent fashion. B 
Isotopologue analysis of pyruvate. Mn: mol-
ecules with n13C (n: number of 13C). C 
Abundance of pyruvate isotopologues. D 
Isotopologue analysis of M2 metabolites 
(citrate, aKG, succinate, fumarate, and ma-
late) in TCA cycle. E Abundance of total 
citrate, aKG, succinate, fumarate, and ma-
late. B, D: All comparisons were conducted 
using a t-test. n = 3 per group. Error bars =
SEM. *: p < 0.05. 6 PG: 6-phosphogluconate. 
αKG: α-ketoglutarate. E4P: erythrose 4-phos-
phate. F6P: fructose 6-phosphate. GA3P: 
glyceraldehyde 3-phosphate. GC-MS: Gas 
Chromatography-Mass Spectrometry. PEP: 
phosphoenolpyruvate. PPP: pentose phos-
phate pathway. R5P: ribose 5-phosphate. 
Ru5P: ribulose 5-phosphate. S7P: sedo-
heptulose 7-phosphate. TCA: tricarboxylic 
acid cycle. TKT: transketolase. Xu5P: xylu-
lose 5-phosphate. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the Web version of this 
article.)   

Y. Chen et al.                                                                                                                                                                                                                                    



Redox Biology 54 (2022) 102379

7

from glycolysis. Upon TKT knockdown, the enrichment (proportion) of 
M2 TCA cycle metabolites was higher (Fig. 3D), but the total pools of 
TCA cycle metabolites were reduced (Fig. 3E), suggesting that TKT is 
critical to control the shunting of glucose for mitochondrial oxidation. 

3.4. Transcriptomic analysis of huPMCs following TKT knockdown and 
light stress 

TKT is active in diverse signalling pathways, including the NRF2 [13] 
and EGFR pathways [16]. Transcriptomic analysis was performed on 
RNA extracted from huPMCs following siRNA and light treatments. 
Twelve samples from three donors were analysed, each containing four 
groups, including “dim control” (DC), “dim knockdown” (DK), “light 
control” (LC), and “light knockdown” (LK). Significant expression 
changes of differentially expressed genes (DEGs) were observed, by 
clustered heatmap, between stress and non-stressed groups (Fig. 4A). 
Transcriptomic differences between TKT knockdown and control groups 
were consistent between the donors, except for R09_LC, likely due to 
inter-individual differences. 

A volcano plot (Fig. 4B) was used to study the overall distribution of 
DEGs in huPMCs after TKT knockdown. TKT knockdown efficiency was 
validated as TKT mRNA had the most significant fold downregulation in 
the “DK vs DC” volcano plot (Fig. 4B). We also showed the “LK vs LC” 
volcano plot in the supplementary figure (Fig. S4A). A co-expression 
Venn diagram visualised the DEGs that participated in the huPMC in 
response to light stress, with or without TKT knockdown (Fig. 4C). 138 
DEGs belonged to both “LC vs DC” and “LK vs DK”, while 289 DEGs were 
unique to “LC vs DC” and 28 were unique to “LK vs DK” (Fig. 4C). We 
also made the Venn diagram comparing “DK vs DC” DEGs and “LK vs LC” 
DEGs in the supplementary figure (Fig. S4B). 

Functional changes in response to light stress after TKT knockdown 
and associated signalling pathways in “LC vs DC” (Fig. 4D) and “LK vs 
DK” (Fig. 4E) were investigated using QIAGEN Ingenuity Pathway 
Analysis (IPA). Five pathways were activated after light stress regardless 
of the expression levels of TKT, including the NRF2-mediated oxidative 
stress response, the unfolded protein response, the endoplasmic reticu-
lum stress pathway, ERK5 signalling and the coronavirus pathogenesis 
pathway. There were also pathways directly related to TKT expression 
level. For example, the Superpathway of Cholesterol Biosynthesis was 
only activated when TKT expression was normal, while iNOS signalling 
was only activated when TKT was knocked down. These results suggest 
that TKT levels govern the responses of huPMC to light stress. The most 
significantly activated pathway in “LK vs DK”, NRF2-mediated oxidative 
stress response, was analysed in more detail. Analysis of classical NRF2- 
related DEGs and their associated reads (Fig. 4F) found that several 
oxidative stress response genes (NRF2, DNAJB1, HMOX1, TXNRD1) 
were less robustly activated by light stress following TKT knockdown. 
The information about the signalling pathways enriched in “DK vs DC” 
and “LK vs LC” by IPA is provided in the supplementary file S5. 

3.5. NQO1, DLD and anti-oxidation responses 

The transcriptomic analysis suggested that the NRF2 pathway was 
activated in huPMCs exposed to light stress. One of the key genes in the 
NRF2 pathway, NQO1, had significant transcriptional changes in 
different treatment groups (Fig. 5A). NQO1 mRNA was elevated in 
normal huPMCs after light exposure, and it was reduced compared with 
control cells after TKT knockdown. HuPMCs with TKT knockdown had 
less NQO1 protein, as quantified by Western blot than control huPMCs 
(Fig. 5B and C), consistent with the transcriptomic analysis. HuPMCs 
tended to have decreased expression of NQO1 protein following light 
stress exposure. In contrast, huPMCs with TKT knockdown exposed to 
light had the lowest NQO1 expression level among non-treatment con-
trol, TKT knockdown and light stress groups. 

Both NQO1 downregulation and PPP inhibition may disrupt the 
cellular generation of NADPH. Therefore, the NADPH/NADP+ ratio in 

the cells was analysed to study the redox state (Fig. 5D). Light exposure 
significantly reduced the NADPH/NADP+ ratio. Although there was no 
significant decrease in the NADPH/NADP + ratio after TKT knockdown, 
the combined treatment of TKT knockdown and light stress significantly 
decreased the ratio of NADPH/NADP + as indicated by a two-way 
ANOVA analysis. 

The transcriptional level of dihydrolipoamide dehydrogenase (DLD), 
a glucose metabolism-related gene, was significantly changed in 
huPMCs after TKT knockdown (Fig. 5E). DLD protein expression was 
decreased, independent of light stress (Fig. 5F and G). Light stress 
reduced ATP levels and the NADPH/NADP + ratio in huPMCs (Fig. 5D, 
H). ATP levels were significantly lower after light exposure when TKT 
was knocked down in huPMCs than in controls with normal TKT 
expression. The interaction between TKT knockdown and light stress 
also contributed to the significant variance. These results suggest that 
TKT performs a crucial role in retinal anti-oxidation and energy supply. 

3.6. TKT was critical for ER stress responses and cell survival in the 
human retina 

The IPA analysis also suggested that light stress and TKT knockdown 
(Fig. 4D and E) exacerbated stress in the ER. We assessed the expression 
of the ER stress marker, inositol requiring enzyme-1 α (IRE1α) [22] in 
the huPMCs with or without TKT knockdown under the light stress, and 
compared the expression of phosphorylated IRE1α (pIRE1α) with IRE1α. 
We found that light stress induced the expression of pIRE1a, and TKT 
knockdown further increased the expression of pIRE1a (Fig. 6A and B), 
suggesting that TKT knockdown aggravates ER stress induced by the 
light stress. 

We further explored the effect of inhibiting TKT under stress on the 
phenotype of the human retina. Oxythiamine was used to inhibit TKT in 
human retinal explants cultured in cell culture inserts under light stress. 
Culture medium with thiamine was used as a control. Treatment with 
oxythiamine significantly increased the number of TUNEL positive cells 
under light stress compared with the thiamine treatment group 
(Fig. 6C–D). 

4. Discussion 

The PPP is a major regulator of cellular reduction-oxidation (redox) 
homeostasis and biosynthesis [13]. To explore the role of the PPP in the 
human retina, the expression and function of TKT, a critical PPP 
enzyme, were studied. Immunofluorescent staining of human neural 
retinal sections found that TKT was predominantly expressed in Müller 
cells (Fig. 1). We believe that PPP plays an important role in the anti-
oxidative function of Müller cells in the retina [23]. We also found that 
gliotic Müller cells in the retina with AMD expressed less TKT than 
Müller cells in the normal retina (Fig. 1S). Although we do not know 
whether this change is the primary effect or the secondary to Müller cell 
gliosis, this observation suggests that the dysregulation of TKT may be 
involved in the pathogenesis of AMD. 

TKT may contribute to pyruvate production by Müller cells, linking 
PPP and glycolysis. 13C-glucose labelling experiments showed signifi-
cant changes in pyruvate production by huPMCs following TKT knock-
down (Fig. 3). Total pyruvate production decreased, but there was a 
redistribution of pyruvate isotopologues. Specifically, the level of py-
ruvate generated from both PPP (M1) and glycolysis (M2) decreased 
after TKT knockdown. These results were consistent when analysed 
using either 13C enrichment (isotopologue distribution percentage) or 
pool sizes (metabolite abundance). This suggests that TKT knockdown 
inhibited PPP activity and reduced overall pyruvate synthesis. Addi-
tionally, M2 TCA metabolites, which derive from glycolysis [24], 
including citrate, aKG, succinate, fumarate and malate, had higher iso-
topologue distributions in the TKT knockdown group than the control. 
These results suggest that relatively more glucose enters the TCA cycle 
directly via glycolysis after TKT knockdown than indirectly via the PPP. 
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Fig. 4. Transcriptomic analysis of huPMCs after transketolase (TKT) knockdown and light stress. A heatmap of clustered differentially expressed genes (DEGs). 
Samples were from three donors (R03, R04, R09), shown at the bottom of the heatmap. Each donor had four groups, “dim control” (DC), “dim knockdown” (DK), 
“light control” (LC), “light knockdown” (LK), shown above. Red indicated a higher expression level, while blue indicated a lower expression level. B volcano plot 
showing DEGs between “DK vs DC”. Gene fold changes are represented on the horizontal axis, with statistically significant changes on the vertical axis. Individual 
genes were represented by points (grey, not significant; red, significantly upregulated; blue, significantly downregulated). C Venn chart comparing “LC vs DC” DEGs 
and “LK vs DK” DEGs. D and E Ingenuity Pathway Analysis (IPA) of “LC vs DC” DEGs and “LK vs DK” DEGs. Pathways that were upregulated or downregulated were 
represented on the vertical axis. The Z-score was represented on the upper horizontal axis. Red dots indicate the -log (p-value), with bars representing activated or 
inhibited pathways unique to each comparison (grey) or common to both (blue). UPS: unfolded protein response; ER: endoplasmic reticulum; CVS: cardiovascular 
system; CCK: cholecystokinin; VitC: vitamin C; PI: phosphoinositide; PL: phospholipase; F Prominent NRF2 related DEGs. n = 3 per group. Error bars = SEM. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. NQO1, DLD and anti-oxidation responses. A NQO1 mRNA from huPMCs after control or TKT siRNA knockdown treatment followed by bright or dim light 
exposure. B WB analysis of NQO1 and α/β tubulin in huPMCs after different treatments. C Quantitative analysis of the NQO1 expression in the cells. NQO1 expression 
level is normalised to α/β tubulin. n = 3 per group. Error bars = SEM. D NADPH/NADP+ ratio in huPMCs after different treatments. p-value indicated the significance 
of the variance contributed by the interaction between TKT and light stress. Comparisons were conducted by two-way ANOVA. n = 9 per group. Error bars = SEM. E 
DLD mRNA from huPMCs after different treatments. F WB analysis of DLD and α/β tubulin in huPMCs after different kinds of treatments. G Quantitative analysis of 
the DLD expression in the cells. DLD expression level is normalised to α/β tubulin. n = 3 per group. Error bars = SEM. H ATP concentration in huPMCs after different 
treatments. Comparisons were conducted by two-way ANOVA. n = 6 per group. Error bars = SEM. *: p < 0.05; **: p < 0.01. ATP: Adenosine triphosphate. DC: dim 
control, DK: dim knockdown, LC: light control, LK: light knockdown. DLD: Dihydrolipoamide dehydrogenase. Fpkm: Fragments Per Kilobase of transcript per Million 
mapped reads. HuPMCs: human primary Müller cells. NADPH/NADP+: Nicotinamide adenine dinucleotide phosphate. NQO1: NAD(P)H Quinone Dehydrogenase 1. 
WB: Western blot. 

Fig. 6. TKT was critical for ER stress responses and cell survival in the human retina. A, B WB and quantitative analysis of pIRE1α, IRE1α, and α/β tubulin 
expression in huPMCs after TKT knockdown and light stress. The expression level is normalised to IRE1α. n = 3 per group. *: p < 0.05. Comparisons were conducted 
by two-way ANOVA. Error bars = SEM. C TUNEL (green) and Hoechst (blue) staining of retinal explant after thiamine or oxythiamine treatment followed by light 
stress. Scale bars: 20 μm. GCL: ganglion cell layer. INL: inner nuclear layer. ONL: outer nuclear layer. D Quantitative analysis of the TUNEL staining. **: p < 0.01. 
Comparisons were conducted by one-way ANOVA. n = 4–7 per group. Error bars = SEM. DC: dim control, DK: dim knockdown, LC: light control, LK: light 
knockdown. HuPMCs: human primary Müller cells. OT: oxythiamine, TH: thiamine. WB: Western blot. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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TKT appears to play a significant role in pyruvate oxidation. Overall, 
TCA cycle activity was reduced following TKT knockdown, with a sig-
nificant reduction of abundance in all TCA metabolites analysed 
(labelled and non-labelled) (Fig. 3E). This should reduce overall 
oxidative activity following TKT knockdown, which is consistent with 
the findings of the AlamarBlue assay (Fig. 2J). These results suggest TCA 
metabolism is impaired by TKT knockdown despite a relative increase in 
M2 pyruvate entering the TCA cycle. Additionally, TKT knockdown 
significantly inhibited DLD expression. DLD is part of the E3-harboring 
multienzyme dehydrogenase complexes for alpha-ketoglutarate: 
KGDHc, pyruvate: PDHc, alpha-ketoadipate: KADHc, and branched- 
chain alpha-keto acids: BCKDHc, as well as part of the glycine cleav-
age system (GCS) [25]. The dehydrogenases participate in pyruvate 
oxidation, suggesting that reduced DLD contributes to the decrease of 
ATP levels and metabolic activity that we observed. Metabolic decom-
pensation caused by E3 deficiency may cause neurological symptoms 
that are often fatal [26]. Reduced DLD can induce autophagic cell death 
by producing reactive oxygen species (ROS) [27]. 

Light stress introduces oxidative and mitochondrial insults [28], 
which may participate in the development of prevalent retinal diseases, 
including diabetic retinopathy (DR) [29] and age-related macular 
degeneration (AMD) [30]. Intense light exposure has been reported to 
induce photoreceptor degeneration and the death of horizontal cells 
[31]. Light-induced retinal degeneration models share many common 
pathogenic characteristics with AMD [32]. Models of light exposure 
have been used to study the regulation of retinal sphingolipids and ER 
stress in AMD [33,34]. HuPMCs with TKT knockdown were exposed to 
light stress to study further the roles of TKT in the Müller cells’ response 
to stress (Fig. 2). TKT knockdown alone did not result in significant 
changes, but it played a synergistic role that exacerbated the effect of the 
light stress, which caused reduced total metabolic activity (Fig. 2J), 
NADPH/NADP+ ratios (Fig. 5D), ATP levels (Fig. 5G), and aggravated 
ER stress induced by intense light (Fig. 6B). Furthermore, inhibition of 
TKT with oxythiamine [18], increased the number of TUNEL positive 
cells in the human retina (Fig. 6C, D). This suggests that the PPP plays a 
critical protective role in the stressed retina. 

TKT knockdown rendered huPMCs more susceptible to light stress. 
Light stress inhibited TKT enzyme activity (Fig. 2H) but, surprisingly, 
slightly increased TKT mRNA levels. The Alarmarblue assay found that 
the overall metabolic activity of huPMCs was inhibited by intense light 
exposure (Fig. 2J). There were no significant differences in LDH levels 
between the different treatment groups, suggesting the metabolic dif-
ferences were not caused by cell death. The inhibition of overall meta-
bolic activity caused by light stress was exacerbated by TKT knockdown 
(Fig. 2J), likely by inhibition of pyruvate oxidation (Fig. 3C). This 
deleterious effect of TKT knockdown on cell function likely accumulates 
over time, particularly during times of retinal stress, ultimately causing 
retinal disease. 

PPP disruption contributes to the decreased capacity of Müller cells 
to maintain redox homeostasis in the retina under light stress. Müller 
cells depend on NADPH to generate glutathione, the major retinal 
antioxidant [35]. The generation of NADPH relies on both the PPP and 
NAD+, which is a cofactor in antioxidant systems [36]. Disturbance of 
either PPP by TKT knockdown or NAD + by inhibition of pyruvate 
oxidation could reduce the level of NADPH. 

NRF2, which is sensitive to the redox state, regulates the transcrip-
tion of antioxidative genes [37]. The IPA analysis based on the RNAseq 
data found “NRF2-Mediated Oxidative Stress Response” was top-ranked 
when comparing normal and light-stressed conditions after TKT had 
been knocked down. The NRF2 response only ranked third when TKT 
expression was normal. This finding indicates that oxidative stress was 
elevated in Müller cells when TKT was knocked down. NQO1 is one of 
the key genes downstream of the NRF2 pathway and is essential for 
anti-oxidation [38]. TKT knockdown decreased both mRNA and protein 
levels of NQO1 (Fig. 5). This would be expected to weaken cells’ ability 
to combat oxidative stress [39]. Protein levels of NQO1 were not 

elevated after light stress, unlike mRNA, possibly because de novo pro-
tein synthesis lagged behind the relatively rapid consumption of NQO1. 

TKT was primarily expressed in the nuclei of Müller cells in the 
human retina and in primary culture (Figs. 1 and 2C), suggesting it has 
roles in gene regulation in addition to its enzymatic function in Müller 
cells. Recent studies have suggested that essential glycolytic enzymes 
can be found in the nucleus when cells are facing a changing environ-
ment (e.g., development, stem cell differentiation), where translocation 
of the enzymes to the nucleus facilitates adaptation to stress [40]. 
Metabolic enzymes in the nucleus can also participate in tumour pro-
gression independent of their canonical metabolic roles [41]. These 
multifaceted glycolytic enzymes directly link metabolism to epigenetic 
and transcription programs implicated in tumorigenesis [41]. A recent 
cross-linking Co-IP/MS study found that nuclear TKT interacted with 
kinases and transcriptional coregulators, such as EGFR and ERK, asso-
ciated with cell activation or stress response processes [16]. DLD is the 
common component of the three alpha-ketoacid dehydrogenase com-
plexes that oxidise pyruvate, alpha-ketoglutarate and the 
branched-chain alpha-ketoacids, performing a vital role in energy 
metabolism [42]. DLD and NQO1 mRNA changes in this study were 
analysed after TKT knockdown. The non-canonical regulatory function 
of TKT likely caused these downstream changes since DLD expression 
has been reported to respond to manipulation of MAPK signalling [43]. 
In contrast, the NRF2 pathway, which regulates NQO1 expression, can 
also be controlled by EGFR [44]. The mechanism of how TKT regulates 
the expression of NQO1 and DLD warrants further investigation. 

We found that TKT knockdown reduced the expression of DLD and 
NQO1 and the synthesis and oxidation of pyruvate. TKT knockdown in 
the light-stressed retina resulted in a significant reduction in cellular 
ATP, glucose metabolism and NADPH/NADP + ratios, which was 
associated with disturbed energy supply and redox balance and 
rendered cells more vulnerable to oxidative stress (Fig. 7). Oxidative 
stress is considered a primary contributor to the pathologic changes in 
diabetic retinopathy [29]. Recent findings suggest that the macula 
consumes more pyruvate than the peripheral retina [20]. Thus we 
speculate that the macula is more vulnerable to energy deficiency 
following disruption of the PPP. Boosting TKT may potentially maintain 
and even restore redox balance in the retina. Thiamine, vitamin B1, is 
the TKT co-enzyme that enhances its activity. Benfotiamine (BFT), a 
lipid-soluble derivative of thiamine with faster absorption and better 
bioavailability [45], has been studied in the treatment of diabetic neu-
ropathy [46]. Although the therapeutic potential of BFT in DR has been 
reported in a study in vitro [47], further investigations are needed to 
evaluate if it can combat DR in vivo. Further research is warranted to 
identify whether manipulation of TKT might represent an effective way 
to treat retinal conditions characterised by excessive oxidative stress 
and/or metabolic derangement, such as diabetic retinopathy. 

5. Conclusions 

We found that TKT had both canonical metabolic functions and non- 
canonical regulatory functions in human Müller cells. The dysfunction of 
TKT constrained the PPP and decreased the de novo synthesis of pyru-
vate. This led to derangement of the TCA cycle and ATP level decrease 
that threatened the energy supply. TKT also down-regulated the 
expression of NQO1 and DLD in Müller cells. The metabolic functions 
and gene-regulation functions of TKT appear to be critical for the 
maintenance of Müller cell homeostasis. 
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