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1. Introduction

Diabetes remains one of the leading causes of death globally with 4 million deaths reported in 2019
and it is predicted that it will be the 7" leading cause of death worldwide in 2030. It was estimated
that more than 400 million were living with diabetes to date and it could be risen to 700 million in
2045. Around 20% of the elderly (>65 years old) have diabetes and 374 million people are at increased
risk of developing type 2 diabetes. Moreover, it was estimated that half of people with diabetes are
underdiagnosed (1-3). Diabetes is a major cause for both micro and macro vascular complications such
as retinopathy, nephropathy, atherosclerosis and peripheral artery disease, which can worsen the
patients’ quality of life. The global annual cost of treatment and the disease and its complications
management was 825 billion dollars in 2014, with the largest cost to individual countries being in
China ($170 billion), the USA ($105 billion) and India ($73 billion), respectively (5).

Powerful analytical methods for the development of highly effective and safe medications for diabetic
treatment is highly important. Cell-based biochemistry with metabolite measurement is a key
platform of diabetes and metabolism research. Metabolomics is currently a promising method that
can identify and quantify metabolites from biological samples. Low molecular weight molecules such
as lipids, amino acids, peptides, nucleic acids, and carbohydrates, have important roles in
disease/metabolism studies, and therefore rich metabolome data are highly valuable. However,
dynamics in biological rhythm and interference from non-specific substances are some of the
challenges that can affect the analysis outcome (7, 8). Non-destructive methods for metabolomics
measurement of live cell, which is often preferred over measuring dead, lysed cell, for drug/cell
metabolism is still lacking. Techniques that have been reported for studying metabolites in live cells
includes colorimetric assays, fluorometric assays and immunoassays. However, due to the complex
metabolic changes in cells, multiple assays are often needed to increase the specificity, which made
these approaches expensive, laborious and time-consuming.

Fourier-Transform Infrared (FTIR) spectroscopy is a non-destructive, non-invasive, label-free,
chemically specific and high-throughput technique. FTIR analysis of cells have been shown to be able
to distinguish the different stages of cell cycle (9) , cell death (10) drug-cell sensitivity and resistance
(11, 12) diseases (13) and biomedical changes from the clinical biomarkers in various type of cancers
(14-17). FTIR has been introduced in diabetes and metabolism research since 2007 as a diagnostic tool
for the analysis of chemical deposition in hair samples with different blood sugar levels (18). In 2013,
FTIR has been shown to be able to clearly differentiate healthy and type | diabetic rats (19) and
diagnose diabetes in human from the measurement of blood, urine, lip and saliva (20-23). FTIR also
represents a promising blood-glucose monitoring tool during insulin and metformin treatment (18,
24). Interestingly, FTIR spectroscopy can be used to diagnose diabetes with and without retinopathy
complication from patients’ blood sample with 90% sensitivity, 92.7% specificity, and 90.5% overall
accuracy (25). However, metabolism in live cells, which has the potential to improve the
understanding of diabetes, has not yet been demonstrated. We hypothesize that live-cell FTIR can
produce useful biomolecular information that can aid diabetes research. The aim of this work is to
demonstrate that live-cell FTIR can be used to study the chemical transformation of hepatocyte from



the healthy state (cultivated in normal glucose level) to diabetic state (after exposed in
hyperglycaemia condition for 24 hr) (26-28) to relate and confirm the metabolism change in cells.

2. Materials and Methods:

Human hepatocyte carcinoma cell (HepG2) were kindly provided by Professor Khuloud Al-Jamal
(School of Cancer and pharmaceutical science, King’s College London). Cells were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM from Sigma Aldrich, UK) high glucose containing 10%
fetal bovine serum (FBS from Sigma Aldrich, UK), 50 U/mL penicillin and 100 pug/mL streptomycin, 1%
non-essential amino acid and 1% L-glutamine. Cells were maintained in T25 culture flask and
incubated in a humid atmosphere containing 5% CO, at 37°C.

2.1 Cell viability assay

Cells were tested with a ranging concentration of glucose-supplemented DMEM CO, independent
medium (Sigma Aldrich, UK) to ensure the cell remain viable at the concentration used in the live-cell
FTIR experiment. The number of living cells were detected based on the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. Cells concentration of 2.0x10%/200 uL were cultured in
96-well plates for 24 hours and treated with the different concentrations of glucose (5, 10, 25, 35, 50,
75 and 100 mM). Cells were cultured with each concentration for 24, 48 and 72 hours, and then 100
pL of the MTT reagent (0.5mg/mL) (VWR International) was added to each well. After 2 hours of
incubation, 100 puL of DMSO was added to each well to detect the presence of formazan. The
absorbance value at 570 nm was taken using a spectrophotometer (SpectraMAX™ software). The
values of absorbance of each well plate were plotted and the percentage cell viability were calculated
over each individual concentration compared with control by Microsoft Excel program.

2.2 Live-cell FTIR measurement

HepG2 cells in the T25 flask were trypsinised at ~80% confluence and suspended with 2x10°/2 mL in
DMEM CO; independent medium. The cells were seeded on the temperature-controlled ZnS
attenuated total reflectance (ATR) plate with 10 reflections on the sampling side (HATR, Pike
Technologies, USA; ZnS ATR crystal was purchased from Crystran Ltd., UK). The plate was sealed with
a warmed lid to avoid evaporation. This condition also let the attached cell to reach high confluence
on the ATR element's measuring surface as shown in Figure 1. According to the small penetration
depth of measurement, around 2-3 um from the ATR element's surface (smaller than the thickness of
the living cell (~5-10 um), absorbances are contributed mainly from the attached live cells with
negligible contribution from the medium (11, 29-31).

Visible images of cells on the ZnS ATR plate and in T25 flask were respectively captured in reflection
and transmission mode after 24 hours of incubation using a 10x objective. The seeded HepG2 cell
spectra were monitored for 24, 48 and 72 hours using a FTIR spectrometer (Tensor Il, Bruker Optics).
Normal glucose (3.8 mM; control) or high glucose (25 mM) concentrations in DMEM CO; independent
medium was applied for the cell-glucose metabolism study. After seeding the cells in the live-cell ATR
plate, a measurement was taken every 10 minutes at 8 cm™ spectral resolution with 9 minutes
scanning time (1024 scans) for a total duration of 24 hours. DMEM CO; independent medium was
used to avoid the requirement of 5% CO; at the spectrometer.
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Figure 1. A schematic diagram showing the live cell ATR-FTIR experiment set up [Single column
fitting]

The cell suspension was incubated for 24 hours to allow cell attachment. Once cells were attached,
which is indicated by a slow but steady growth in the amide Il band (around 24 hour), the medium
was changed to fresh normal glucose (3.8 mM in 2% FBS DMEM CO; independent medium; control)
or high glucose (25 mM in 2% FBS DMEM CO; independent medium; diabetic) medium. A background
was measured at this point. The change of spectrum was then monitored for a further 72 hours with
a measurement taken at every 10 minutes. Each experiment was repeated for 3 times based on 3
independent cultures with a similar passage number range 24-34 and on a different day.

2.3 Data processing and analysis

Spectra were water vapor compensated and cut to the wavenumber range of 1780-900 cm™?, followed
by concave rubber band baseline correction (1 iteration with 16 baseline points was found to be
sufficient) and vector normalisation. Principal component analysis (PCA) from PyChem® software
(available from :http://pychem.sourceforge.net/) was used as the statistical tool for possibly
correlated changes observation from the experiment setting (32). T-test was applied to find the
significant difference among the treatment groups compared to control. Significance difference was
defined as P.value < 0.05 calculated using Microsoft Excel.

3. Results
3.1 Cell culturing

To established that the HepG2 cell behaviour is similar between cells cultured under standard
protocols and under experimental conditions, i.e. on the ZnS ATR plate, visible images of HepG2 cells
captured 24 hours after seeding on the ATR plate in the DMEM CO; independent medium have shown
that cells were fully attached (Figure 2A). Comparing to cells cultured in T25 tissue culture flask
incubated with standard DMEM medium in 5% CO, environment, the cells have shown a similar
morphology (Figure 2B). Selected spectra of a typical experiment of the living cells, with culture
medium as the background, are shown in Figure 3A. The cells have shown a small absorbance 2 hours
after seeding, which rapidly increased at the 4™ hour. The seeded cells had further grown on the ATR
plate for another 20 hours until the increase in absorbance had clearly plateaued, which is an
indication of a full attachment of cell layer on the ATR plate (33-35). The spectra of HepG2 cell have
shown clear peaks of amide | at 1645 cm™, amide Il at 1550 cm™, v¢;m(COO") at 1400 cm™, amide Ill at
1235 cm?, the asymmetric and symmetric stretching mode of phosphate bands between at ~1240 and
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1080 cm™ and the carbohydrates bands between 1150-1000 cm™ (Figure 3A.). Figure 3B shows the
averaged spectra measured from the three separate repeated experiments of live HepG2 cells at the
24" hour after seeding, the very small standard deviations (grey colour) represented the high
reproducibility of the ATR FTIR experiments.
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Figure 2. Image of HepG2 cells at different time of seeding on the ATR element and T25 flask,
respectively; 24 hour A and B, 48 hour C and D, 72 hour E and F [double column fitting]

When the cells reached the plateau phase, around 24 hours after seeding, the medium was replaced
by the test medium to the attached cells for the study of the reaction between cells and the testing
conditions.
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Figure 3. HepG2 FTIR live cell spectra every 2hr of seeding time (A) and the error bars of 24" hour (B)
[double column fitting]

To further confirm that the ATR substrate and the CO, independent medium produces a cell
behaviour that is comparable to other diabetic studies in the literature using the HepG2 cell model,
we have compared the viability of cells according to the published IC50 of glucose for HepG2 cells,
which was ~50 mM at 72 h in diabetes studies (36). The results have shown that >80% of the HepG2
cell had survived in 5 and 10mM with insignificance differences when compared to control. At 50 mM
and 72-hour incubation, the cell viability has dropped to 50% (Figure. 4), which is similar to the results
from the literature (p<0.05 compared to normal glucose treatment) (37).

In this experiment, 25 mM was selected for the high glucose concentration because it is
commonly used to create diabetic cell models (26, 36-38). Figure 4 shows that there is insignificant
effect on the viability of cells at the 25 mM glucose treatment compared to control for all duration of
treatments. Our previous studies (33-35) on anticancer agent has shown that cell-death can produce
significant changes to the cellular molecular composition, the results in Figure 4 shows that cells
remain largely viable at 25 mM and therefore confirming that cell death is not a signification
contributor to the differences between high glucose (25 mM) and control (normal glucose)
treatments. This ensures that the difference observed between high and normal glucose treated cells
are due to a change in metabolism of cells rather than cell death.
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Figure 4. HepG2 cell viability compared to control (3.8mM) for 24, 48 and 72 hours [1.5 column
fitting]

3.2 Live cell FTIR experiment

Figure 5A shows the representative spectra of HepG2 cells treated in medium with 25mM
glucose (hyperglycaemia model) measured at 3 different time points (24, 48 and 72 hour) with the
spectral range between 3800-800 cm™. The spectra were obtained using the first measurement after
the change of medium as the background to highlight the spectral changes as a result of the change
of medium. High spectral noise occurred in the 3600-3000 and 900-800 cm™ regions due to the strong
aqueous water absorption and are excluded in the analysis. The three representative spectral have
shown major changes in the fingerprint region between 1700-900 cm™ as highlighted in Figure 5B.
Cells appeared to have continued to grow slowly 24 hours after the medium change with an increase
in the amide Il band (a key marker for protein) but slightly reduced towards the 72" hour, which is in
agreement with the MTT assay results. Clear changes in the phosphate and carbohydrate bands in the
1350-950 cm™ are apparent and the changes are consistent across the three repeated experiment.
Figures 6 shows all spectra from the repeated measurements after 24- 48- and 72-hour treatments
with a marked difference can be observed between the normal and 25 mM glucose treatment groups.
Pair-wised PCA of the normal glucose versus 25 mM glucose treatment in this range has reviewed a
clear grouping with PC1 showing statistical difference of <0.025, <0.01 and <0.03 for 24", 48" and 72"
hour, respectively. The normal glucose treated cells has seen an increase in the absorbance at 1088,
1240 and 1400 cm™ (Figure. 6B). These spectral peaks are associated with phosphate nucleic acid
stretching mode PO%* and symmetric stretching of COO™ which is from fatty acids, amino acids and
carboxylate metabolites vibration. Whereas the high glucose treated cells at 24™" hour have shown a
clear reduction of the PO? stretching mode band. At time 48" and 72", an increasing band at ~1200
cm™is shown.
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Figure 5. Spectra of HepG2 treated with 25mM glucose in 3 different time points (24, 48 and 72
hour) with spectra range between 3800-800 cm™ (A) and spectra range between 1780-900 cm™(B)
[double column fitting]
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Figure 6. The spectral changes as a function of time (left panel) between HepG2 treated in high
(Red) and normal (Blue) glucose solution and the corresponding PCA1 score and loading plots
(right panel) at (A) 24, (B) 48" and (C) 72" hour. [double column fitting]

4, Discussion

An adequate energy supply for the vital organs in the body is regulated by glucose
homeostasis. Liver has an essential role in controlling several pathways of glucose metabolism
including glycolysis, gluconeogenesis, glycogenesis, and glycogenolysis (39, 40).

During the feeding stage, glucose molecules from the carbohydrate digestion process enter
the hepatocytes where they are phosphorylated to glucose 6-phosphate followed by several
metabolic pathways to generate adenosine triphosphate or ATP. The catabolism of glucose into
pyruvate, in term of glycolysis, is conserved as a crucial pathway to produce ATP. Pyruvate is carried
into the mitochondrial matrix where it is transformed to acetyl-CoA by pyruvate dehydrogenase
cascading enzyme and integrated into the tricarboxylic acid cycle (TCA) in concurrence with
oxaloacetate. The TCA cycle generates the electron carriers for electron transport chain-oxidative
phosphorylation, to produce ATP in the final process. The extra amount of carbohydrates in the liver
are converted into glycogen and stored as the energy reserve in the liver and muscle cells
(glycogenesis). Moreover, in high carbohydrate diet, the excess amount of dietary glucose is also
converted into lipid (lipogenesis) and stored in the adipose tissue. Liver glucose homeostasis during
fasting stage is also crucial. When blood sugar level drops, liver releases glucose to the bloodstream
either from the stored glycogen(glycogenolysis) or by breaking down triglyceride to glycerol and
combined with alanine and lactate to produce glucose(gluconeogenesis)(40, 41).

Glucose-cell metabolism imbalance can induce the metabolic syndromes such as insulin
resistance type 2 diabetes, obesity, non-alcoholic fatty liver disease (NAFLD), and cardiovascular
conditions. Several in vivo studies have demonstrated that oxidative stress, inflammation, and disease
progression are due to glucotoxicity (42-46). However, complex alterations such as endocrines,
hormones and environmental factors may influence the physiological metabolite change in the energy
metabolism and organ responses (47, 48). Thus, in vitro study may be an ideal platform to better
understand glucose metabolic change inside cells.

Immortal hepatocyte cell lines are widely used to explain the regulation of hepatic
metabolism. The primary hepatocyte cells are better than the cancerous cell line because they mimic
more the in vivo situation. But the primary hepatocyte availability and accessibility are limited.
Moreover, the phenotype is unsteady, and this cell type can only be culture for a short period (49, 50).
Sefried et al. (29) have demonstrated and compared the gluconeogenesis gene expression and protein
regulated hepatic metabolism or hepatokine among primary hepatocyte and immortalized cell lines;
AML12, THLE-2, and HepG2. The results showed that HepG2 cells appear to be closer to the in vivo
situation than AML12, THLE-2 despite its tumorigenic origin. Thus, we concluded that regarding the
similarity of HepG2 cell line hepatic gene expression, this cancerous cell line can be used in in vitro of
the diabetes-related research.



Live-cell FTIR measurements show cellular changes overtime in normal glucose treatment are
mainly from the growth of the seeded cells. The symmetric and asymmetric phosphate stretching
mode at 1078 cm™ and 1220 cm™ regions, which are originated from DNA backbone and phospholipids
products from cell expansion, have continued to rise as a function of incubation time. Another two
major regions that indicates cell expansion are Amide 1l (1220 cm™), which is overlapped with the
asymmetric phosphate band, and the amide Il band at 1550 cm™. These two bands have shown
simultaneously increasing with the phosphate peaks. Increases in these spectral regions have
confirmed the cells were growing in the normal glucose treatment (Figure 7).
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Figure 7. Comparison of normal glucose treated HepG2 FTIR spectra for time 24" 48" and 72"
hour [Single column fitting]

On the other hand, normalized FTIR cells spectra treated in high (25 mM) glucose have
revealed a different pattern of cellular component changes when compared to the normal treatment.
Clear different changes are found in the phosphate stretching and carbohydrate spectral band regions,
which has shown an overall decrease in absorbance overtime (Figure. 8) relative to the protein amide
Il peak, suggesting large changes in the phosphate and carbohydrates metabolites in the cells upon
high glucose treatment.
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According to the literature of hepatic glucose utilization, hepatocytes consume glucose as a
fuel to produce ATP from ADP through oxidative phosphorylation. Excess glucose would be converted
into glycogen and store in the liver. Comparison of the spectral changes of the HepG2 cells exposed in
high glucose for 24 h to the difference spectra of ATP-ADP has shown a remarkable similarities as
shown in Figure 9, suggesting the production of ATP from the phosphorylation of ADP can be observed
using live cell FTIR measurement. Furthermore, a closer look at the spectral change at 48" and 72"
hour exposure, a rise in the characteristic glycogen peaks at ~1020, 1080 and 1150 cm™ (51)(Figure 8)
can be observed, indicating that FTIR can detect the glucose metabolism changes in the treated cells.

Energy metabolism in the normal cell culture condition depends mainly on the oxidative
phosphorylation (OXPHOS) for ATP production because ATP, which is the key energy unit, is more
efficiently produced from this process (36 ATP) than glycolysis (2 ATP)(49). However, many types of
cancer cells prefer using the glycolytic pathway due to a permanent impairment of mitochondrial
OXPHQS, as founded by Otto Warburg (50). However, this view is altered by recent publications which
found that the function of mitochondrial OXPHOS in most cancers is still intact. Cancerous cells have
different metabolic phenotypes of energy metabolism even in the same type of origin. Due to the
common trait of rapid growth, they adapt and reprogram to the environmental change to overcome
disturbance of growth conditions. Therefore, the ratio between glycolysis and OXPHOS to yield total
ATP is flexible for cancer cells, which results in a selective advantage over non-cancerous cell in
unfavourable environments (49).

ATP is the determinator of cellular mitochondrial respiration. The amount of intracellular ATP
is subtly changed by metabolic inhibitor in order to test mitochondrial toxicity. The level of ATP is
generally sustained in normal living cell. While cells became injured, the intracellular ATP amount can
be lowered rapidly. Thus, an advanced technique for ATP extraction, which is normally analysed from
lysed/fixed cell, that avoid cell degradation from both physical and nonphysical procedures is essential
(52). Rita et al. (53) have developed and verified a one-step extraction and bioluminescence assay for
qguantifying glucose and ATP levels in cultured HepG2 cells in high glucose condition for testing drug-
induced mitochondrial toxicity. The advantage of this method over traditional biochemical assay is
that it requires only one extraction step that disintegrate cellular proteins with concomitants and
release steadily of cellular glucose and ATP from HepG2 cells. The method allows the measurement



of considerable changes in ATP levels with no detectable cell loss (no protein content disruption)
suggesting that the proposed assays could be a precise multiparameter-based measurement of the
effects of cytoprotective/cytotoxic compounds. However, the limitation of this method compared to
the parallel cytometry assay is, it cannot distinguish between live and dead cells, where the glucose
contents and ATP are not comparable.
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Figure 9. Comparison between ATP-ADP FTIR spectrum and high glucose treated HepG2 at time
24" [Single column fitting]

Whilst the conversion of ADP to ATP and glycogen in cells can be measured using conventional
biochemical essays or LC/MS metabolomics approach, we would like to highlight the outstanding
benefits of the live-cell FTIR method, such as it can continuously automatically measuring the cells
throughout the experiment, the method does not require any labelling and there is no need to destroy
or extract the metabolites from the cell samples. There are no expensive chemical reagents required
and the measurement is relatively quick. Although the measurement was set to scan for 9 min per
spectrum in this experiment as the timescale for the cellular changes was relatively slow in this case,
high quality spectra can typically be obtained in less than a minute.

5. Conclusions

In conclusion, live-cell FTIR helps to understand diabetes and can be an additional tool for
providing some information that can assist in the study of diabetes. In the future, live-cell FTIR can be
applied to study glucose-cell metabolism related to other organs e.g. pancreas, muscle, and adipose
cell or potentially be an alternative tool for drug-cell metabolism study.
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