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A B S T R A C T   

Metabolism of endothelial cells (ECs) depends on the availability of the energy substrates. Since the endothelium 
is the first line of defence against inflammation in the cardiovascular system and its dysfunction can lead to the 
development of cardiovascular diseases, it is important to understand how glucose metabolism changes during 
inflammation. In this work, glucose uptake was studied in human microvascular endothelial cells (HMEC-1) in 
high glucose (HG), and additionally in an inflammatory state, using Raman imaging. HG state was induced by 
incubation of ECs with a deuterated glucose analogue, while the EC inflammation was caused by TNF-α pre- 
treatment. Spontaneous and stimulated Raman scattering spectroscopy provided comprehensive information 
on biochemical changes, including lipids and the extent of unsaturation induced by excess glucose in ECs., 
induced by excess glucose in ECs. In this work, we indicated spectroscopic markers of metabolic changes in ECs 
as a strong increase in the ratio of the intensity of lipids / (proteins + lipids) bands and an increase in the level of 
lipid unsaturation and mitochondrial changes. Inflamed ECs treated with HG, revealed enhanced glucose uptake, 
and intensified lipid production i.a. of unsaturated lipids. Additionally, increased cytochrome c signal in the 
mitochondrial region indicated higher mitochondrial activity and biogenesis. Raman spectroscopy is a powerful 
method for determining the metabolic markers of ED which will better inform understanding of disease onset, 
development, and treatment.   

1. Introduction 

Endothelial cells (ECs) are the single layer of cells that line the blood 
and lymphatic vessels, performing a vital role in many cellular func
tions. It is well known that the endothelium plays an important role 
among others in nutrient and oxygen exchanges between the blood
stream and surrounding tissues, transport of molecules such as glucose 

and amino acids, regulating vascular tone, embodying a wide range of 
homeostatic functions, and regulating blood flow [1–3]. Endothelial 
metabolism depends on the availability of the energy substrates, but the 
correlation between inflammation and metabolic reprogramming re
mains unclear. 

The energy-producing process involves four major metabolic path
ways: oxidative phosphorylation, glutamine metabolism, fatty acid 
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oxidation, and glycolysis [4]. Glycolysis is a metabolic pathway that 
converts glucose into pyruvate, and in the next step, to ATP (adenosine 
triphosphate). ECs exhibit a relatively low content of mitochondria 
(6–18 %), making glycolysis the preferred source of energy [5], i.e. >85 
% of ATP molecules are produced under normal conditions [6,7]. 
Through glycolysis, ECs reduce the production of reactive oxygen spe
cies (ROS), and thus the risk of oxidative stress development [8]. Amino 
acids, lipids, proteins, and nucleotides are all formed during glycolysis 
as metabolites of this process [9]. The energy-independent transport of 
glucose is mediated by members of the facilitative glucose transporter 
(GLUT) family of glucose carriers that are present on the surface of all 
cells. Galactose, like glucose, is a monosaccharide that can be used by 
cells as fuel [10] and is actively transported to cells through the same 
transporter as glucose [11]. Both monosaccharides are transferred by 
the uridine diphosphate (UDP) coenzyme in the form of uridine 
diphosphate-glucose (UDPG) and UDP-galactose (UDPGal). The uptake 
of dietary glucose and galactose occurs by a secondary active transport 
process mediated by SGLT1. ECs rely on glucose metabolism, and when 
it is at some point disturbed or stopped, the cells can switch metabolism 
and change their energy source from glucose to galactose, if it is present 
in the medium. The transporter isoforms SGLT-1 (Na+/glucose 
cotransporter-1) and GLUT1 have been shown to transport D-galactose 
as efficiently as D-glucose [12,13]. The main pathway for galactose 
metabolism is considered to be the conversion of galactose to glucose by 
galactose-1-phosphate (Gal-1-P), UDP-galactose, and glucose-1- 
phosphate (glucose-1-P) [10,11,14]. 

Endothelial dysfunction (ED) refers to a variety of functional changes 
that are linked to metabolic alterations. Altered glucose metabolism is 
reflected by specific plasma amino acids and lipids [15]. High levels of 
glucose (HG) in the bloodstream can deteriorate the antioxidant defence 
mechanism and cause mitochondrial oxidative stress, while over
production of ROS can further lead to endoplasmic reticulum (ER) stress 
and apoptosis [16]. ER stress refers to a chronic perturbation that affects 
ER homeostasis and is primarily characterized by the accumulation of 
misfolded proteins, which disrupts the balance of the protein folding 
capacity of the ER to keep up with cellular demand [17–19]. Oxidative 
stress and ER stress caused by the HG level in the bloodstream lead to 
ED, and hence to the development of diabetes [16,17]. The onset of 
diabetes itself further raises glucose levels, which continues to cause 
changes in the mitochondria and the ER. Detailed analysis of cell 
metabolism leads to a better understanding of these processes. 

Raman microscopy (RM) is a method widely used in cell analysis. RM 
measurement is characterized by high spectral resolution, and full 
chemical information about the studied sample [20–22]. The analysis is 
based on the identification of characteristic spectral patterns that can be 
used also for quantification. Measurements can be carried out simulta
neously for all components of fixed or live cells in their physiological 
environment [23,24]. RM should be considered as a method of choice 
for cellular lipids analysis since these components exhibit a high cross- 
section for Raman scattering. 

In recent years, the use of labels in RM enhanced the specificity in 
targeting components of complex biological samples. Labelling, widely 
used in fluorescence-based biological assays, was also successfully 
applied in RM on cell activity studies [25,26]. Labelled molecular im
aging can track lipids uptake and their metabolism [27], or changes in 
mitochondrial activity [28]. Labels in RM are called Raman probes (Rp) 
that usually contain a moiety that targets certain organelles, e.g. mito
chondria [29], nuclei [30], lipids [31], or ER [32]. Another character
istic part of Rp is a molecular structure providing the unique Raman 
signal that is detected in the silent spectral region (1800–2700 cm− 1) of 
biological samples. Hence, most often Rp contains alkyne, nitrile, or 
isotopically substituted groups [30,33]. 

The characteristic spectroscopic signature of Rp and the advantages 
of stimulated Raman scattering (SRS) microscopy provide a new possi
bility for Raman-based cellular studies. SRS belongs to the group of non- 
linear spectroscopic techniques, which have been developed to improve 

real-time vibrational imaging by overcoming the low signal level asso
ciated with spontaneous Raman imaging [34]. By combining SRS with 
various Rp, cells can be measured in a specific and sensitive way with 
insight into their metabolism and function [35–37], and track drugs 
[38]. 

It has been shown that glucose metabolism can be studied using SRM 
(Spontaneous Raman Microscopy) and Rp [39–41]. It is an alternative to 
fluorescent dyes, which can cause abnormal cell activity and undesired 
interactions due to the large size of fluorochromes [33]. Labelled SRS is 
a promising strategy to track glucose metabolism. By specific molecular 
substitution in a glucose molecule (isotopes or an alkyne tag), it is 
possible to detect it in the silent region of the Raman spectrum [42]. 

Glucose-based Rp has been used to study the uptake and monitoring 
of glucose metabolism in cells and tissues [36,40,42]. Application of 3- 
O-propargyl-D-glucose (3-OPG) allowed distinguishing cancer cells with 
distinct metabolic activity and revealed heterogeneous glucose uptake 
patterns in tumour tissues and neuronal culture [36]. Deuterium- 
labelled glucose enabled de novo tracking of the synthesis of macro
molecules in biological samples and macromolecule type-specific 
metabolic mapping with high spatial resolution [25,35,39–41]. 

Although this is an important area of research, little is still known 
about ECs physiopathology and the impact of HG on ECs – too many 
factors are involved [16]. In this work, we studied the cellular changes 
in lipid content and composition related to glucose metabolism when 
cells were cultured in glucose-containing and glucose-free media, in two 
groups of cells, i.e., normal, and inflamed cells. The HG state was 
induced by EC incubation with d7-glucose (d7-HG), while cell inflam
mation was stimulated by using TNF-α. RM and SRM measurements 
provided comprehensive and reliable information about the biochemical 
composition of ECs. Detailed analysis of subcellular glucose metabolism 
provided a better evaluation of lipid alterations in the inflamed 
endothelium. 

2. Materials and methods 

2.1. Sample preparation 

Human microvascular endothelial cells (HMEC-1) were cultured in 
standard medium MCDB131 (Gibco Life Technologies, 5 mM glucose), 
supplemented with 2 % hydrocortisone, 10 mM L-glutamine, 10 % fetal 
bovine serum (FBS) and antibiotics (100× solution with penicillin, 
streptomycin, and amphotericin B). Cells were seeded directly on cal
cium fluoride slides (CaF2, 25 mm 2 mm, Pike Technologies, USA), 
which were placed in 6-well plates and incubated in a humidified cell 
culture incubator. After the appropriate time (24 h) required to achieve 
approximately 70% confluence, the medium was changed, and cells 
were incubated with a d7-glucose-enriched medium (d7-HG). 

Three variants of cell culture and incubation with HG were tested. In 
the first variant, HMEC-1 cells were cultured in MCDB131 medium (Glu) 
supplemented with 30 mM d7-HG (Sigma Aldrich). The incubation time 
with d7-HG was 24, 48, and 72 h. In variant no. 2, cells were also 
incubated with 30 mM d7-HG for 24, 48, and 72 h, but cells were 
cultured in glucose-free MCDB131 medium, in which glucose is replaced 
by galactose (Gal, without L-glutamine, without glucose, and no Phenol 
Red, Gendepot). This variant was then modified, and in the culture 
protocol during incubation with d7-HG incubation, the medium was 
changed every 24 h (variant no. 3). In this variant, cells were incubated 
with a fresh batch of glucose and a fresh portion of nutrients to maintain 
the possibility of continuous and constant uptake of d7-HG. 

The second part of the work on d7-HG-induced changes in cellular 
metabolism was dedicated to the comparison of endothelial response in 
healthy (Ctrl) and inflamed cells. Cells were cultured with glucose-free 
medium (Gal) replaced every 24 h. To induce the inflammation, 
HMEC-1 cells were pre-incubated with TNF-α (concentration 10 ng/ml) 
for 24 h according to the previously described protocols [27,43–45] and 
then with d7-HG (30 mM) for 24, 48, and 72 h. After incubation, cells 
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were fixed with 2.5 % glutaraldehyde (5 min) at room temperature and 
gently washed three times with PBS (Gibco). Subsequently, the fixed 
cells were kept in PBS and stored at a constant temperature of 4 ◦C until 
RM and SRS measurements were performed. Cells were measured 
directly up to a few days after fixation. 

2.2. Fluorescent and immunofluorescent staining 

HMEC-1 cells were seeded in 96-well plates and allowed to attach 
overnight. After TNF-α pre-treatment (concentration 10 ng/ml) for 24 h 
and then with d7-HG (30 mM) for 24, 48, and 72 h cells were fixed with 
4 % buffered formalin for 10 min. Protein levels of VCAM-1 and ICAM-1 
were assessed using immunofluorescent staining. Primary antibodies 
were added for 24 h after the initial permeabilization and blocking step. 
Cells were washed twice in PBS prior to the addition of secondary 
antibody, Cy3 goat-anti-mouse, Biotin-SP-conjugated goat-anti-rat and 
Alexa Fluor 594 streptavidin. The following primary antibodies were 
used: mouse ICAM-1 (ThermoFisher) and rat VCAM-1 (ThermoFisher). 
Additionally, cells were stained with Hoechst 33342 (Invitrogen; 
1:1000) to counterstain nuclei and, thus, evaluate the cytotoxicity. All 
fluorescent images were captured with CQ1 Yokogawa, an automated 
fluorescence microscope, with using a 20× objective. Fluorescence in
tensity was calculated by using spot intensity algorithm. 

2.3. Raman imaging 

Raman measurements were made using a confocal Raman imaging 
system (WITec alpha 300, WITec GmbH, Ulm, Germany) and a 63×
water dipping objective (Zeiss W Plan-Apochromat 

63×, NA = 1, Oberkochen, Germany). Fixed cells were measured in 
PBS solution at room temperature. In all experiments, the laser excita
tion of 532 nm was used. Raman imaging was performed with a step size 
of 0.5 μm. The integration time was 0.5 s per spectrum. To improve the 
signal-to-noise ratio of d7-HG-treated cells in a normal and inflamed 
state, cells were imaged with a 40× water dipping objective (Zeiss, W 
Plan-Apochromat VISIR, NA = 1, Oberkochen, Germany), the step size 
was 1 μm, and the integration time was 0.5 s per spectrum with a full 
laser power of 30 mW (measured before the objective). For each sample, 
only morphologically undamaged cells were measured, with no visible 
signs of abnormalities, with at least 15 cells per group. 

Raman spectra of standard d7-glucose (Sigma Aldrich, solid-state) 
were obtained with the application of the 20× air objective (Nikon 
CFI S Plan Fluor ELWD, NA = 0.45, Melville, U.S.A) after placing a 
microgram quantity of the standard sample on the CaF2 slide. The 
spectrum was measured with a maximum laser power (30 mW) by col
lecting and averaging 10 accumulations with an integration time equal 
to 0.5 s. 

2.4. SRS measurement and data analysis 

SRS imaging was performed using the homemade setup located at 
the Faculty of Chemistry, Jagiellonian University in Krakow. We used a 
2-ps laser (Fluence Lazurite, Warsaw, Poland) with 

20 MHz repetition rate based on a fiber laser producing 1029-nm 
Stokes beam with 450 mW of average power with a built-in optical 
parametric oscillator (OPO) that produces tunable wavelength beam in 
the range of 750–950 nm with an average power of 100 mW. In our 
setup, the Stokes beam is modulated with an acousto-optic modulator 
(AOM) with 4 MHz and the stimulated Raman loss (SRL) signal in the 
pump beam is collected. The signal is retrieved with the use of Stanford 
Research Systems SR865A lock-in amplifier, sent to the electronics, and 
stored by the software provided by WITec. A 40× air objective 
(Olympus, UPLXAPO40X NA = 0.95, Oberkochen, Germany) was used 
to focus the laser beams on the sample. The transmitted pump beam was 
collected by a 50× water-dipping objective lens (Nikon, MRD07620 NA 
= 1 Melville, U.S.A). 

2.5. Post-processing of spectral data 

Spectral data pre-processing and analysis were performed in WITec 
Project FIVE 5.1 Plus software. The pre-processing included cosmic ray 
removal and baseline correction (shape mode, shape size 100). In the 
next steps, k-means cluster analysis (KMCA) was performed for each 
single-cell Raman image. KMCA enabled to group of the spectra into 
classes based on their similarities. For each cell, the spectra were clas
sified into 3 groups: background, nuclear area (colour-coded in blue), 
and cytoplasm (colour-coded in grey). Spectra grouped as a cytoplasm 
class were next subclustered into the perinuclear area (colour-coded in 
brown), LDs (colour-coded in orange), and the CD class if possible 
(colour-coded in pink). Spectra grouped to each class were then aver
aged and extracted for further analysis. 

Distinct Raman distribution images of HMEC-1 cells were obtained 
by integration of the selected maker bands: organic matter (2830–3030 
cm− 1), lipids (2830–2900 cm− 1), nuclear area (775–795 cm− 1), cyto
chrome c (750–760 cm− 1) and additionally the structures with C–D 
bond (glucose and glucose metabolites) (2190–2250 cm− 1). 

2.6. Raman image analysis 

Morphology analysis was performed on the KMCA images. The areas 
of the entire cell class and the lipid class were calculated for each cell 
using the Image Statistics function in WITec Project FIVE 5.1 Plus soft
ware. In a further step, the ratio of lipid area/cell area was calculated 
and to verify the statistical significance of changes in cell morphology, a 
one-way analysis was performed (ANOVA model with a Tukey post-hoc 
test) using the OriginPro 2020 software (Origin Lab Corporation, 
Northampton, USA). Results are presented in bars that indicate the mean 
value (the end of the box) and the SD (standard deviation, whiskers). 
Statistically significant differences are marked with stars (*p˂0.05, 
**p˂0.01, ***p˂0.001). 

Ratiometric Raman images were generated using WITec software 
and following the approach described by Jamieson et al. [46]. First, a 2D 
image of the protein distribution was generated by integration over the 
2900–2960 cm− 1 spectral range, based on which the mask of the cellular 
area was defined and extracted to eliminate from the hyperspectral 
matrix of Raman image noncellular pixels of the background. The matrix 
with mask image was then multiplied by the Raman distribution images 
obtained for the lipids (by integration of the marker band over the 
2830–2900 cm− 1 spectral range) and proteins (integration for the 2930 
cm− 1 marker band over the 2900–2960 cm− 1 spectral range). Elimina
tion of the noncellular pixels from the Raman image was necessary to 
avoid possible artefacts from the ratio analysis conducted on the noise 
signal of the baseline. The value of the ratio (2850 cm− 1 / (2850 cm− 1 +

2930 cm− 1)) for each colour-coded Raman image of a cell was calculated 
using a calculator tool. The values of 2850 cm− 1 / (2930 cm− 1 + 2850 
cm− 1) ratio were next visualised in box plots using OriginPro 2020 
software. 

SRS images were processed with WITec Project PLUS 5.1 software 
and extracted. All SRS images were equally subjected to background 
subtraction and duplicated. In the same way, the SRS images were 
processed to obtain the area occupied by the cells. The intensity of the 
areas occupied by lipid components was measured with the “Analyse 
Particle” function, a built-in function in ImageJ software (the National 
Institutes of Health and the Laboratory for Optical and Computational 
Instrumentation (LOCI, University of Wisconsin)). The threshold was 
manually specified in ImageJ and kept at a similar level for each image 
analyzed, and then the intensity of the areas occupied by lipid compo
nents was measured. SRS images were analyzed using WITec Project 
PLUS 5.1 software. 

2.7. Chemometric analysis 

Chemometric analysis was performed on the average spectra 
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obtained for each cell from the lipid or cytoplasm classes using the PLS- 
Toolbox Solo Mia software from Eigenvector Research Inc. (Mason, 
USA). The first step of the analysis was pre-processing, which included 
smoothing (third-order polynomial and 15 points), baseline correction, 
and normalization with the multiplicative signal correction option (MSC 
mean). The final set of spectra was subject to the Mean Center and 
Clutter options [47] also in the PLS-Toolbox Solo Mia software. Principal 
component analysis (PCA) was performed in the 600–2450 cm− 1 spec
tral range. The final presentation of scores and loadings was prepared 
using OriginPro 2020 software. 

Partial least squares (PLS) regression, which is a supervised chemo
metric method, was also applied to construct a discriminant model that 
could visualise time-dependent changes (24 d7-HG, 48 d7-HG, 72 d7-HG 
with or without pre-treatment with TNF-α). To build the PLS model, all 
available spectroscopic data were used to calibrate and validate the 
model. The PLS model was constructed based on the 600–2450 cm− 1 

spectral range with the following pre-processing of Raman spectra: 
constant offset elimination, multiplicative scattering correction, internal 
standard, and vector normalization. PLS was performed using OPUS 7.0 
software (Bruker Optik GmbH, USA). 

3. Results and discussion 

3.1. Glucose uptake by EC depends on incubation time with HG and 
culture medium type 

The uptake of d7-HG by HMEC-1 was studied by RM based on 
analysis of C–D vibration occurring in the silent spectral region 
(2190–2250 cm− 1). HMEC-1 were incubated in a standard medium 
containing normal 5 mM glucose (Glu) and glucose-free medium (Gal), 
respectively, and supplemented with d7-HG (30 mM). HMEC-1 were 
cultured on Gal medium for 48 and 72 h, respectively, and the impact of 
medium replacement every 24 h (Gal everyday) was investigated. 
Representative Raman images of cells incubated with d7-HG for 48 h (48 
d7-HG) on various media, i.e. variants no. 1 (Glu), 2 (Gal), and 3 (Gal 

everyday), with corresponding KMCA images, are presented in Fig. 1A. 
Raman images were constructed by the integration of selected bands to 
visualise major cellular compartments, i.e. organic matter (2800–3030 
cm− 1, C–H stretching), LDs (2830–2900 cm− 1, symmetric ν(C–H)), 
nucleus (775–795 cm− 1, cytosine in DNA/RNA) and subcellular areas 
with an enriched accumulation of d7-HG –CD (2190–2250 cm− 1, C–D 
stretching). In Fig. 1B the spectra of five clusters identified for cells 
incubated for 48 h with d7-HG (Gal everyday) are presented. A com
parison of the spectrum taken from HMEC-1 with the one of the d7- 
glucose standard in the solid state (black line) confirms the identifica
tion of the C–D band. The C–D stretching modes were observed at 
2124, 2174, and 2243 cm− 1 [40,42]. 

The spectra of cells cultured in Glu medium, even after incubation 
with d7-HG for 72 h, showed no C–D signal and thus no d7-HG uptake. 
However, when the cells were cultured in Gal medium and supple
mented with d7-HG for 48 and 72 h, we found that only about 5 % of all 
measured cells exhibited clusters with the characteristic C–D band. The 
KMCA image clearly shows the presence of d7-HG within the cyto
plasmic region (Fig. 1). These cells were excluded from further analysis 
(PCA, PLS-DA) to avoid a strong impact of d7-HG Raman features on the 
overall classification. In most spectra taken from cells, the C–D band 
was not observed, but the uptake of d7-glucose can be identified by an 
increased baseline in the 2100–2450 cm− 1 range (Fig. 2A). Similar sit
uation was when the medium was replaced every 24 h. Approx. 5–10 % 
of the measured cells exhibited a C–D Raman signal within the cyto
plasm (Fig. 1A), but an increased baseline in the 2100–2450 cm− 1 range 
was observed in all measured cells. The C–D band in Raman spectra 
collected from cells on Glu medium and treated with d7-HG was rela
tively intense when ECs were grown for both 48 and 72 h (Fig. 2). 

The uptake of d7-HG was slightly greater with increasing incubation 
time, which can be observed as an increase in the silent region, espe
cially for a lipidic class. In the literature, a similar pattern in the silent 
region was also observed, with only a slight increase in the baseline in 
the range around 1900–2250 cm− 1, so our observations are in agree
ment with the previously reported work in HeLa cells and other tumour 

Fig. 1. Raman images of HMEC-1 cultured in glucose-containing and glucose-free media supplemented with d7-HG incubated for 48 h with 30 mM d7-HG (A): 
organic matter (cellular area, 2800–3030 cm− 1), lipids (LD, 2830–2900 cm− 1), nucleus (775–795 cm− 1) and C–D band area (CD, 2190–2450 cm− 1). KMCA spectra 
from 24 d7-HG Glu everyday together with Raman spectrum of the d7-glucose standard (black) (B). The Raman spectra presented in the fingerprint region (600–1800 
cm− 1) and the silent region (2100–2250 cm− 1) were multiplied by factor 1.5 for clearer data visualization. The assignment of KMCA classes is as follows: nucleus - 
blue, cytoplasm – grey, lipid reach area – orange, perinuclear area – brown, CD class - magenta. 
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cells [35,39]. What is more, the spectral profile of d7-HG-treated cells 
changes with time in C–H stretching region (2800–3030 cm− 1) (Fig. 2), 
especially the intensity of the bands at 2850 and 1305 cm− 1 collected in 
the lipid-rich area of the cells. It may suggest that the changes caused by 
the d7-glucose uptake are related to lipid metabolism. 

3.2. Glucose in the culture medium affects endothelial metabolism 

In Fig. 3 the averaged spectra of cytoplasm and lipid class, which 
were extracted during KMCA from control after treatment with d7-HG 
are shown. Fig. 3A (Glu and Gal media supplemented with d7-HG) shows 
results obtained from cells cultured for 24, 48, and 72 h, and indicate 
changes in endothelial metabolism. By changing the medium from Glu 
to Gal, the metabolism of HMEC-1 changes to the metabolism of fatty 
acids, which is manifested by spectral markers of lipids. In Fig. 3A a 
comparison of the average spectra of the lipid-rich area of cells incu
bated with d7-HG for 24–72 h in Glu and Gal media is presented. 

For cells cultured in Gal, the band at 1440 cm− 1 (scissoring mode in 
CH2/CH3; δ(CH2/CH3)) is more intense when compared to the spectrum 
of cells cultured in Glu media. Similar changes were seen for spectra 
from the perinuclear area classes (data not shown). To quantitatively 
compare the changes in lipid composition, the unsaturation level was 
calculated for single-cell averaged spectra extracted from the lipid-rich 
class (Fig. 3B). The integral intensity ratio of the bands at 1660 cm− 1 

[ν(C=C)], and 1440 cm− 1 [CH2], served to estimate whether the level of 
lipids changed when cells were cultured in Glu and Gal media over time, 
with and without the supplementation of d7-HG [48]. The ANOVA 
indicated that ECs cultured in glucose-free conditions exhibited different 
biochemical profiles of lipids and a lower level of unsaturation for cells 
incubated with d7-HG for 48 and 72 h. 

An increase in the intensity of the band at 1440 cm− 1 in the spectra of 
HMEC-1 cultured in Gal medium was observed together with a higher 
intensity of the signal at 1305 cm− 1 (twisting of the CH2/CH3 groups in 
lipids) and 2850 cm− 1. Therefore, it can be concluded that the presence 
or absence of a normal glucose level (5 mM) affects endothelium 
metabolism. Galactose, like glucose, is a monosaccharide that can be 
used by cells as fuel [10] and is actively transported to cells through the 
same transporter as glucose [11]. Galactose treatment has been previ
ously noted to enhance cell lipid content [49], therefore, our results 
confirmed that with limited availability of glucose, HMEC-1 cells 

switched to galactose metabolism. The main pathway for galactose 
metabolism is considered to be the conversion of galactose to glucose by 
galactose-1-phosphate (Gal-1-P), UDP-galactose, and glucose-1- 
phosphate (glucose-1-P) [10,11,14]. 

3.3. Inflammation of the cells changes their glucose uptake and cellular 
lipid composition 

To model inflammation, HMEC-1 were pre-treated with TNF- α for 
24 h and then incubated with d7-HG (30 mM) for 24, 48, and 72 h (Gal 
everyday). Cell viability was assessed based on number of cells esti
mated by Hoechst staining. TNF- α and d7-HG did not cause decrease the 
viability of HMEC-1 cell line (Fig. S1) in time dependent manner when 
compared to the control group. The occurrence of endothelial inflam
mation after TNF- α treatment was evaluated by an overexpression 
(Fig. S1) of intercellular adhesive (ICAM-1) and vascular cell adhesion 
(VCAM-1) molecules. After 24 h of TNF-α pre-incubation, inflammatory 
response was confirmed, whereas after incubation with d7-HG. Immu
nofluorescence staining revealed that 24 h of incubation of control and 
inflamed HMEC-1 cells with d7-HG (d7-HG and TNF+ d7-HG) also results 
in ICAM-1 and VCAM-1 overexpression. Increased overexpression of 
ICAM-1 and VCAM-1 was observed over time only for set of cells incu
bated with d7-HG, but this result is rather the effect of increased pro
liferation (based on nuclear counterstaining) than the inflammation 
process. 

Then the spectral profile of healthy and inflamed cells was 
compared. As reported previously, HMEC-1 in the inflammation state 
exhibited an increased number of LDs, mainly composed of unsaturated 
lipids [43,50]. The results in Fig. 4 are in agreement with previously 
reported data [40,41,43,50,51]. Representative Raman images obtained 
by integration of the marker bands of selected compartments, i.e., 
organic matter (2800–3030 cm− 1), lipids (2830–2900 cm− 1), cyto
chrome c (775–795 cm− 1), together with KMCA images are presented in 
Fig. 4. 

To capture the differences in the lipid content, the ratiometric 
analysis of the bands at 2850 cm− 1 and 2930 cm− 1, assigned respec
tively to lipids and proteins, was also performed. Calculated for each 
point of the single-cell Raman image, the value of the integral intensity 
ratio (2850 cm− 1 / (2850 cm− 1 + 2930 cm− 1) [46,52] confirmed that 
TNF-α treated cells exhibit higher lipid content compared to control. The 

Fig. 2. Effect of the incubation time with d7-HG on the biochemical profile of the cytoplasm and lipids in HMEC-1. Average Raman spectra (±SD) of the cytoplasm 
(A) and lipid-rich (B) areas of HMEC-1 incubated with d7-HG in Glu medium. Raman spectra in the fingerprint region (600–1800 cm− 1) and the silent region 
(2100–2250 cm− 1) were multiplied by 1.5 for clearer visualization. 
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most prominent changes were observed for cells cultured for 48 and 72 
h, however, based on visual inspection of the images of lipid distribu
tion, no clear impact of inflammation on lipid metabolism was found. 
However, analysis of the Raman images obtained through a ratiometric 
approach (I2850/ (I2850+I2930)) showed some differences in the subcel
lular morphology of d7-HG-treated cells. To quantify those differences, a 
morphological analysis was performed (Fig. 5A). The obtained results 
revealed that d7-HG uptake increased lipid production and inflamma
tion, which also contributes to these processes. Changes in lipid meta
bolism manifest themselves in Raman images in two ways, i.e., by 
increasing the intensity of marker bands of lipids and by a larger sub
cellular area occupied by lipids (area of lipids/area of cells). The ratio of 
the area of lipids divided by the total area of the cell body was calculated 
based on KMCA images (orange class/whole-cell class; Fig. 4). The re
sults of the ratiometric analysis (the ratio of integral intensities: I2850 / 
(I2850 + I2930) allowed a semiquantitative evaluation of the total content 
of lipids in the perinuclear area. The results of the ratio I2850 / 
(I2850+I2930) were next analyzed with one-way ANOVA to verify if the 
observed changes are statistically significant (Fig. 5B). 

The analysis confirmed the increase in the production of lipids due to 

d7-HG treatment, especially in the case of cells incubated for 48 and 72 h 
(Fig. 5B). TNF-α treatment increased lipid production in ECs as 
described previously, and it is known that this proinflammatory factor 
leads to eicosanoid release, which is fundamental to the inflammatory 
process [27,43,50,53]. The results in Fig. 5 show that not only inflam
mation changes the content of lipids in the ECs but also the uptake of d7- 
HG influences the metabolism of cells and the production of lipids. 
Taking into account the metabolic pathway, d7-HG can be transformed 
into lipids, nucleic acids, and proteins [40]. The presented results clearly 
show that longer exposure to d7-HG resulted in increased lipid produc
tion. This mechanism is enhanced when ECs are inflamed. 

To check whether the TNF-α pre-treatment impacts the chemical 
composition of lipids in ECs upon d7-HG treatment, the analysis of the 
unsaturation level of lipids was conducted. The ratio of the integral in
tensities of the bands at 1660 and 1440 cm− 1 calculated for the spectra 
of the lipid-rich class of EC revealed statistically significant changes in 
unsaturation (Fig. 6A). This observation clearly indicates qualitative 
changes in the lipid profile. The results described above for analysis of 
unsaturation of lipids of ECs cultured in Glu and Gal medium showed 
that glucose-free medium affected metabolism and changed the lipid 

Fig. 3. Effect of the type of culture medium on the lipid profile in HMEC-1. Comparison of mean spectra (±SD) for the lipid-rich class of cells incubated with d7-HG in 
Glu and Gal media for a different time frame (A). The Raman spectra presented in the fingerprint (600–1800 cm− 1) were multiplied by a factor of 1.5 for clearer 
visualization. Analysis of the unsaturation level of lipids from the lipid-rich class calculated as integral intensities ratio of bands at 1660 and 1440 cm− 1. Values are 
given as mean ± SD, *p < 0.05, **p < 0.01. 
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composition. The lipid spectra of cells cultured in the Gal medium 
exhibited a lower unsaturation level when compared to the standard 
medium (Fig. 3). The results in Fig. 6A (Gal) allowed several conclusions 
to be drawn. 

The uptake of d7-HG changes the unsaturation of lipids of normal and 
TNF-α pre-treated cells cultured for 48 and 72 h of incubation (d7-HG 
and TNF+ d7-HG) in comparison to the Control. Observed changes 
related to the increased unsaturation enhanced when ECs were pre- 
treated with TNF-α (d7-HG vs TNF+ d7-HG). However, the Ctrl groups 
did not reveal any differences in the level of lipids with time. On the 
other hand, TNF-α pre-treated HMEC-1 cells showed changes in the lipid 
profile with time. After 24 h from TNF-α pre-treatment, the cells man
ifested an increased unsaturation level of lipids, which confirmed the 
induced inflammatory mechanism with the involvement of eicosanoids, 
and after 72 h of culture, the unsaturation level was lowered close to the 
initial value. 

Analysis of the band assigned to the C–D stretching mode, which is 
an indicator of d7-HG uptake, showed that inflammation does not affect 
d7-HG uptake in a short incubation time, but in the case of the cells 
incubated for 48 and 72 h, a slight decrease in the intensity of C–D band 
can be seen, which can suggest a decrease in the uptake under inflam
matory conditions [27,54]. However, when only sets of cells treated 
with d7-HG were considered, the results again confirmed that a longer 
incubation time favours d7-HG uptake. 

3.4. Inflammation of the cells changes their glucose metabolism 

Cellular metabolism is difficult to track, especially glucose meta
bolism, which depends on many factors. As shown above, the Raman 
signatures related to metabolic changes are very subtle and not 
distinctive in the spectra. To identify Raman signatures of d7-HG- 

induced changes in cellular metabolism and to investigate whether other 
alterations occur than those described above, both PCA (Fig. 7A–F) and 
PLS (Fig. 7G & H) were applied. The chemometric approach was per
formed in two spectral windows: 600–2450 and the sum of 600–2450 
and 2830–3030 cm− 1 (data not shown). 

Several variants for PCA have been tested. In the first approach, the 
analysis was performed on single-cell average spectra of lipid-rich class 
from all tested sets of cells (Fig. 7A & B, 24–72 h: Ctrl, TNF, d7-HG, 
TNF+ d7-HG). Then, to capture changes caused by d7-HG uptake and 
TNF-α pre-treatment, the PCA was performed only on single-cell average 
spectra of the lipid-rich class collected from each investigated time 
point. The unsupervised approach, employing PCA, resulted in a clear 
separation of the spectra along PC-1 into 2 groups: Ctrl and TNF-α pre- 
treated cells with TNF-α (PC-1(− )) vs. treated (PC-1(+)). The PC-1 
loading plot was characteristic of the spectra of cells treated with d7- 
HG (Fig. 7B) and indicated Raman features in the range of the C–D 
stretching mode (2124 and 2184 cm− 1) together with features at 1337, 
1290, and 1029 cm− 1. Analysis of the spectral profile suggested a higher 
contribution of proteins in the lipid-rich area of d7-HG-treated cells. The 
Raman bands at 1029 cm− 1 can be assigned to the hydroxyproline 
content and the C–C stretching of proteins, while 1290 and 1337 cm− 1 

to the amide III bands in proteins. The Raman characteristic originating 
from the C–D stretching mode (2124 and 2184 cm− 1) also suggests a 
higher contribution from the CH3 stretching, which is characteristic of 
proteins. The C–D stretching mode in the CH2 group would be expected 
at ca. 2108–2110 cm− 1 [27]. 

A similar signature was observed in the PCA presented in Fig. 7C & D 
where the separation of spectra collected from cells cultured for 72 h 
was observed along PC-1. However, in this approach, the spectra of TNF- 
pre-treated cells separated from the spectra of healthy ECs along PC-2 
(Fig. 7C) (Ctrl and TNF groups) based on hemoproteins signals. PCA of 

Fig. 4. Raman images of HMEC-1 in Gal medium supplemented with d7-HG for 24, 48 and 72 h in normal and inflammation conditions. Representative Raman 
chemical images obtained by the integration over 2830–3030 cm− 1 (organic matter), 2830–2900 cm− 1 (lipids), 740–760 cm− 1 (cytochrome c). Corresponding false- 
colour KMCA images displaying the distribution of selected cell components (nucleus (blue), perinuclear area (green), LDs (lipid-rich area), cytochrome c (green)). 
Colour-coded results from ratiometric Raman analysis ((I2850 / (I2850 + I2930)) representing the distribution of lipids. 
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spectra collected only from cells incubated with d7-HG (d7-HG, TNF+
d7-HG) revealed the progression of changes over time (Fig. 7E & F). The 
scores plot in Fig. 7E clearly shows that most distinct changes occur 
when comparing spectra from cells exposed to d7-HG for 24 and 72 h, 
while part of the spectra from the 48 h experiment exhibits some simi
larities with PC-1(+) and partly with PC-1(− ). For 72 h of incubation of 
HMEC-1 in Gal medium with d7-HG on Raman spectra, the most 
discriminant features are indicated as those corresponding to C–D vi
brations (2139, 2187 cm− 1), unsaturated lipids (1660 cm− 1) and he
moproteins (750 cm− 1). 

PLS models were calibrated and validated (one leave-out cross- 
validation) in a set of spectra from cells cultured in Gal medium for 24, 
48, and 72 h with d7-HG (Fig. 7 G, red) and additionally, TNF-α pre- 
treated (TNF+ d7-HG, Fig. 7G, magenta). Both models exhibit time 
dependence, and analysis of regression coefficients allows one to iden
tify similar Raman features indicated as latent variables for regression. 
Moreover, the regression coefficients are similar to the Raman signature 
presented on PC-1 loadings. 

Analysis of the spectral silent region allows the identification of 2 or 
3 maxima at the C–D stretching marker band (Fig. 7B, D, F, H). 
Different positions in the loadings of the C–D stretching mode are 
related to the isotopic effect due to changes In the reduced mass of the 
C–D bond and vibrational force constant, k. Zhang et al. [40] used SRS 
measurements and a spectral unmixing approach to show that the 
maximum of the C–D band can be used to assign the contribution of 
lipids (CDL 2190 cm− 1), proteins (CDP 2150 cm− 1) and DNA (CDD 2125 
cm− 1). Based on the spontaneous Raman measurement and chemo
metric analysis, it is very challenging to establish whether such an 
assignment can be applied. Based on previously reported results, the 
contribution of lipids should be observed around 2110 cm− 1 [27]. In 
summary, C–D bands are clearly visible in the spectra of lipids 

occurring in normal and inflamed cells incubated with d7-HG and their 
intensity increases with time. Furthermore, changes in the lipid meta
bolism of cells due to d7-HG incubation were enhanced in inflamed cells. 

A similar analysis was also conducted on the single-cell average 
spectra from the cytoplasm class (colour-coded in grey in Fig. 4, Fig. S2). 
This approach was taken to verify whether biochemical changes due to 
d7-HG treatment occurred outside of the perinuclear area dominated by 
lipids and mitochondria. The results obtained from PCA (Fig. S2A–F) 
and PLS (Fig. 2G & H) revealed a similar spectroscopic signature to that 
obtained for the lipid-rich class. For the cytoplasm, the largest differ
ences in biochemical profile due to d7-HG uptake and inflammation 
were found in proteins, hemoproteins, and lipids, especially in unsatu
ration. Score plots (Fig. S2A) indicate clear discrimination of cells 
cultured with d7-HG supplemented or not with Gal medium. The main 
spectroscopic difference was found again for variables associated with 
the C–D stretching mode (2124 and 2184 cm− 1), and proteins (1331, 
1280, and 1023 cm− 1). 

Furthermore, an analysis of the time dependence on metabolic 
changes was performed (Fig. S2E & F). As previously, we have found 
that the most distinct spectra belong to the groups of cells after 24 and 
72 h d7-HG treatment, while the spectra of cells cultured for 48 h are 
located in between. At 72 h, characteristic bands correspond to the C–D 
vibrations (2184 cm− 1), lipids (1660 cm− 1) and hemoproteins (755 
cm− 1), while cells exposed to d7-HG only for 24 h exhibit the most 
prominent Raman features at 815, 1204, 1572 and 1602 cm− 1. 

To verify whether observed changes in lipid profile can be detected 
by analysis of single cell average spectra the PCA analysis was conducted 
on an independent set of cells that served as a test group. Single cell 
average spectra of at least 35 cells per group were subjected to PCA and 
obtained results revealed Raman features that are related with changes 
in lipids content (Figs. S3 & S4). The obtained results indicate that 

Fig. 5. Ratiometric analysis of the distribution and content of lipids in healthy and inflamed HMEC-1 cultured in Gal medium supplemented with d7-HG treatment. 
Analysis of subcellular area occupied by lipids obtained based on KMCA results. Quantitative analysis of the ratio of lipid area/area of the cell (A) and the integral 
intensities ratio of I2850 / (I2850 + I2930) for Raman images (B). Values are given as mean ± SD, *p < 0.05, **p < 0.01. 
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contribution from those changes to spectroscopic fingerprint of cells is 
significant. 

The changes associated with inflammation on glucose uptake and 
metabolism were also studied employing SRS microscopy. SRS images 
provided information about the subcellular localization of LDs as a result 
of inflammation (Fig. 8). SRS imaging enabled the visualization of lipid 
and protein content (2930 cm− 1) and lipid distributions (2850 cm− 1), 
however, due to a very low signal from deuterated glucose, SRS image 
acquisition for C–D band was difficult. To model inflammation, HMEC- 
1 was pre-treated with TNF- α for 24 h and then incubated with d7-HG 
(30 mM) for 24, 48, and 72 h (Gal everyday). Then the spectral profiles 
of Ctrl and inflamed cells were compared. 

Analysis of the SRS images showed that TNF-treated cells have a 
higher lipid content than Ctrl. As reported previously, HMEC-1 in the 
inflammation state exhibit an increased number of LDs [43,50]. So, the 
results in Fig. 8 are in agreement with previously reported data. The 
most noticeable modifications were identified in cells that had been 
cultured for 24 and 72 h. The results of the relative SRS intensity were 
analyzed with one-way ANOVA to verify if the observed changes are 
statistically significant (Fig. 8). SRS results are in agreement with the 
presented above results from spontaneous Raman imaging when 
compared to data from healthy and inflamed glucose-treated cells. 
Ratiometric results presented in Fig. 5B for analysis of changes in lipid 
contribution of d7-HG-treated cells have shown a statistically significant 
increase in lipid content for TNF-α pre-treated cells at the p < 0.05. SRS 
imaging confirmed the above results, and due to the time of single-cell 
imaging, the analysis of the much larger group of cells has shown that 
glucose uptake and metabolism in inflamed cells differ significantly 
from that presented by healthy cells (p < 0.001). RM and SRS are both 
Raman-based spectroscopic techniques, but they differ in the observed 
phenomenon, measurement time and sensitivity. When it comes to 
spectroscopic imaging of cellular lipid fractions quickly and reliably, 
SRS imaging is undoubtedly the most efficient method and at the same 

time provides detailed insight into the morphology of cells. Although 
Raman imaging provides a comprehensive biochemical analysis, its 
measurement capacity is significantly lower. Both employed spectro
scopic techniques that allowed the acquisition of spectral information 
from cells, but with increased speed of measurement when SRS micro
scopy was applied, hence a higher number of cells was measured in a 
short time. Furthermore, the application of chemometric analysis tech
niques to SRS microscopy of cellular lipids has been reported to visualise 
the underlying biochemical processes at the single-cell level [52− 55]. 
Our results show that RM advantage is a screening for the identification 
of markers of molecular changes while SRS can serve as a method for fast 
and reliable identification of its presence. Fast high-resolution imaging 
enables not only to quantify observed molecular and metabolic changes 
but also to evaluate morphological alterations induced by studied fac
tors. Therefore, by combining RM and SRS we provide detailed insight 
into the subcellular changes at three levels: molecular, metabolic, and 
morphological. 

4. Conclusions 

In this work, a comprehensive spectroscopic analysis of the 
biochemical phenotype of the endothelium that exhibits adaptive 
cellular metabolism is described. The biochemical alteration observed 
for HMEC-1 cultured in glucose-containing and glucose-free media 
enabled the capture of 

a switch in cellular metabolism. These changes were even more 
pronounced after prior inflammatory stimulation of the cells, implying 
that inflammatory mediators modulate glucose uptake and its meta
bolism. In the inflammation state, an increase in HG uptake was 
observed over time, correlated with an increase in the content of lipids 
and a higher level of their unsaturation. 

Obtained results revealed that HMEC-1 with limited access to 
glucose switched their metabolism to fatty acids. We have also found 

Fig. 6. Impact of inflammation on lipid composition in HMEC-1 cultured in glucose-free medium and incubated with d7-HG. Quantitate analysis of the level of 
unsaturation calculated based on the integral intensity ratio of the bands at 1660 and 1440 cm− 1 for average single-cell spectra of lipid class (A) and the integral 
intensity of the Raman bands assigned to CD2/CD3 stretching mode (νCD) in the spectral range of 1980–2250 cm− 1. Values are given as mean ± SD, *p < 0.05, **p <
0.01, ***p˂0,001. 
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Fig. 7. Chemometric analysis of lipid-rich spectra of healthy and inflamed cells incubated with d7-HG. PCA of Control, TNF-α pre-treated, and cells incubated with 
d7-HG (d7-HG and TNF+ d7-HG) from all time points investigated (24–72 h) (A, B). PCA of Ctrl, TNF-α pre-treated, and cells incubated with d7-HG (d7-HG and TNF+
d7-HG) for 72 h (C, D). PCA of a set of spectra from cells incubated with d7-HG (d7-HG and TNF+ d7-HG) from all investigated time points (24–72 h) (E, F). PLS 
models (G, H) trained and validated for the spectra of healthy cells (red) and TNF-α pre-treated cells (magenta) cultured in Gal medium supplemented with d7-HG for 
24 h (dot), 48 h (triangle), and 72 h (star). 
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that ECs treated with d7-HG in inflammation change their metabolism to 
be more active, which was reflected in increased glucose uptake and 
increased lipid production. In addition, mitochondrial markers suggest 
increased metabolic activity and mitochondrial biogenesis. 
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