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ABSTRACT: Due to uncontrolled cell proliferation and disrupted vascularization, many cancer cells in solid tumors have limited
oxygen supply. The hypoxic microenvironments of tumors lead to metabolic reprogramming of cancer cells, contributing to therapy
resistance and metastasis. To identify better targets for the effective removal of hypoxia-adaptive cancer cells, it is crucial to
understand how cancer cells alter their metabolism in hypoxic conditions. Here, we studied lipid metabolic changes in cancer cells
under hypoxia using coherent Raman scattering (CRS) microscopy. We discovered the accumulation of lipid droplets (LDs) in the
endoplasmic reticulum (ER) in hypoxia. Time-lapse CRS microscopy revealed the release of old LDs and the reaccumulated LDs in
the ER during hypoxia exposure. Additionally, we explored the impact of carbon sources on LD formation and found that MIA
PaCa2 cells preferred fatty acid uptake for LD formation, while glucose was essential to alleviate lipotoxicity. Hyperspectral-
stimulated Raman scattering (SRS) microscopy revealed a reduction in cholesteryl ester content and a decrease in lipid saturation
levels of LDs in hypoxic MIA PaCa2 cancer cells. This alteration in LD content is linked to reduced efficacy of treatments targeting
cholesteryl ester formation. This study unveils important lipid metabolic changes in hypoxic cancer cells, providing insights that
could lead to better treatment strategies for hypoxia-resistant cancer cells.
KEYWORDS: hypoxia, cancer, Raman, microscopy, lipid droplets, endoplasmic reticulum, live cell, nutrition

■ INTRODUCTION
In the case of extreme proliferation, many cancer cells in solid
tumors face a limited oxygen supply. This hypoxic micro-
environment contributes to metabolic reprogramming that
makes cancer cells resistant to treatment and promotes
metastasis.1 Hypoxia-inducible factors (HIFs) play key roles
in regulating hypoxia-related metabolic responses. While
extensive studies have focused on HIF-activation-induced
carbohydrate metabolic switches,2−4 changes in lipid metab-
olism in hypoxia only attracted attention in recent years.5−8

Lipids are critical for energy production, membrane synthesis,
and cell signaling. Low oxygen conditions significantly impact
mitochondrial activity and lipid metabolism.5−8

Hypoxia tends to increase lipid uptake and synthesis in
cancer cells via activating HIFs. For example, HIF-1α has been
reported to activate peroxisome proliferator-activated receptor
gamma (PPARγ) which enhances lipid uptake and triacylgly-
cerol (TAG) de novo synthesis.9 HIF-1α also promotes the

expression of fatty acid binding protein (FABP) that increases
cellular lipid uptake and storage in human trophoblasts,10

breast cancer cells,11 and hepatocytes.12 The enhanced lipid
uptake and synthesis might contribute to cellular stress and
cytotoxicity.

To avoid lipid-induced cytotoxicity, cancer cells convert fatty
acids to neutral lipids and store them in lipid droplets (LDs).13

LDs are organelles responsible for both the storage and
metabolism of neutral lipids.14,15 They are synthesized and
released from the endoplasmic reticulum (ER) and then
transported along microtubules for degradation.16 LD
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membrane proteins such as lipases are commonly involved in
neutral lipid metabolism. LDs are commonly found in many
cancer cells and are linked to altered lipid metabolism in
cancer.17,18

The impact of hypoxia and HIFs on LD formation and
accumulation in cancer cells has been studied by conventional
biochemical assays. For example, HIF-1 has been found to
stimulate lipin 1 expression, promoting LD accumulation in
hepatoblastoma and cervical adenocarcinoma cells.7 Addition-
ally, HIF-1 increases the expression of acylglycerol-3-
phosphate acyltransferase 2 (AGPAT2), an enzyme involved
in TAG biosynthesis.19 This metabolic change contributes to
chemotherapy resistance of hepatocellular carcinoma cell
lines.19 Furthermore, HIF-2α activation elevates LD mem-
brane protein perilipin-2 (PLIN2), enhancing lipid storage in
LDs in cancer cells.20 PLIN2-dependent lipid storage plays a
role in maintaining ER homeostasis and preventing ER stress
in clear-cell renal cell carcinoma cells.20 Moreover, hypoxia
reduces the activity of enzymes associated with lipid
catabolism, such as carnitine palmitoyltransferase 1A
(CPT1A)21 and medium- and long-chain acyl-CoA dehydro-
genases (MCAD and LCAD),22 resulting in elevated LD
accumulation in cancer cells. Collectively, these metabolic
switches lead to increased LD accumulation in cancer cells
under hypoxic conditions. Despite the studies mentioned
above, the changes in LD amount, content, and distribution in
hypoxic cancer cells, particularly at the single-cell level, remain
elusive. A better understanding of subcellular LD character-
istics could provide new insights into hypoxia-induced cancer
metabolic alteration and support the development of more
effective treatment strategies for hypoxia-resistant cancer cells.

Coherent Raman scattering (CRS) microscopy, including
coherent anti-Stokes Raman scattering (CARS) and stimulated
Raman scattering (SRS), provides excellent contrast for
visualizing LDs.23 SRS microscopy has revealed changes in
LD content, such as an increase in cholesteryl ester in prostate
cancer cells24 and a decrease in lipid saturation levels in
mesenchymal melanoma cells25 and ovarian cancer stem
cells.26 Additionally, de novo synthesis of neutral lipids from
glucose has been visualized using isotope tracing together with
SRS microscopy.27 LD dynamics can also be traced and
quantified by both CARS and SRS.28−30 Despite CRS
microscopy being extensively applied to study LD character-
istics in various conditions, to the best of our knowledge, it has
not been utilized to understand changes in the LD amount,
distribution, and contents induced by hypoxia exposure.

In this work, we utilized CRS spectroscopy and microscopy
to investigate the changes in LD distribution and content in
hypoxic cancer cells, focusing on pancreatic cancer cells. Using
SRS, we discovered ER-associated LD accumulation in these
cells under hypoxic conditions. Time-lapse epi-CARS imaging
of the same field-of-view (FOV) revealed the release of old
LDs and the reaccumulation of new LDs in the ER.
Additionally, we studied the carbon sources for LD synthesis
and found that for MIA PaCa2 cells, lipid uptake is the
preferred pathway for LD formation, while glucose is essential
for mitigating lipotoxicity. Using hyperspectral SRS micros-
copy, we discovered a decrease in cholesteryl ester content and
lipid saturation in LDs of hypoxic MIA PaCa2 cancer cells.
This study provides new insights into the reprogramming of
lipid metabolism in pancreatic cancer cells under hypoxic
conditions.

■ EXPERIMENTAL SECTION

Hyperspectral Stimulated Raman Scattering Microscopy
and Multimodal Imaging
The configuration of the SRS microscope used in this study has been
detailed in previous publications and will not be extensively described
here.31,32 Briefly, its hyperspectral capability is achieved through
spectral focusing of broadband femtosecond laser pulses. An InSight
X3+ femtosecond laser, with a fixed output at 1045 nm and a tunable
output ranging from 690 to 1300 nm at an 80 MHz repetition rate,
serves as the laser source. The 1045 nm laser output is used as the
Stokes beam, while the other laser output turned to 802 nm is used as
the pump beam. The pump and Stokes pulses are chirped to 3.4 and
1.8 ps, respectively, by using SF-57 glass rods.31 The laser pulses are
focused onto the sample using either a 60× (UPlanSApo, 60×/1.2 W)
or a 40× (LUMPLFLN 40×/0.80 W) water dipping objective lens.
The microscope has an upright configuration. SRS signals are
acquired in the forward direction using a customized photodiode
(PD) paired with a lock-in amplifier (HF2LI, Zurich Instruments).
The Stokes beam is modulated at approximately 2.4 MHz, while the
pump beam is demodulated at the same frequency after PD detection.
Additionally, the microscope features two epidetection channels for
simultaneously measuring two-photon excitation fluorescence
(TPEF) signals from the sample at center wavelengths of
approximately 450 and 570 nm. Photomultiplier tubes (PMTs,
H7422-40, Hamamatsu) are used for fluorescence signal detection. In
the forward direction, a PMT is also available for forward CARS signal
detection. This upright multimodal imaging system is not compatible
with real-time and time-lapse imaging of live cells in a hypoxic
environment. The upright SRS/CARS/TEPF microscope has a
limited working distance when using water dipping objectives. This
configuration does not allow integration with a standard stage-top
incubator, preventing long-term imaging of live cells within the same
FOV.

Coherent-Anti-Stokes Raman Scattering Microscopy for
Time-Lapse Hypoxia Study
To enable long-term time-lapse monitoring of LD metabolism in the
same FOV in hypoxia, we designed an epi-CARS modality on an
inverted microscope (IX71, Olympus) that is compatible with a stage-
top incubator (WSKMX with STX-CO2O2, Tokai Hit) for long-term
CARS imaging. The gas controller allows for creating an O2
environment ranging from 0.1% to 20% while maintaining a 5%
CO2 level. The incubator also regulates humidity and keeps the
temperature at 37 °C for cell culture. The excitation lasers for CARS
are sourced from the same laser used in the SRS modality but are
unchirped and maintained at ∼120 fs for epi-CARS excitation. The
power at the sample is 20 mW for both the pump and Stokes beams.
A PMT is placed in the epi-direction to acquire CARS signals
generated from the sample. A dichroic beam splitter separates and
directs the CARS signals from the excitation beams to the PMT. The
same 60× water dipping objective lens is used to focus the laser pulses
onto the sample. To prevent water evaporation, a water-matching
liquid (Cargille Laboratories, 20114) was applied between the
objective lens and the sample dish. The operation of the laser and
imaging system can be remotely controlled.

Cell Culture
MIA PaCa2 and HeLa cells were obtained from ATCC and cultured
in Dulbecco’s Modified Eagle Medium (DMEM) containing 4 mg/
mL glucose, glutamine, and 10% fetal bovine serum (FBS) as the
control group. The cells were first seeded into glass-bottom dishes
and grown to 30−50% confluency in a standard CO2 incubator set at
37 °C and 5% CO2. For the normoxia condition, the cells were
maintained in the same culture environment. For the hypoxia
condition, the cells were cultured in a stage-top incubator (WSKMX
with STX-CO2O2, Tokai Hit) with 0.1% O2 for various durations. To
study the impact of different carbon sources, we created different
nutritional conditions using normal DMEM with 4 mg/mL glucose,
glucose-free DMEM, and glucose-free and glutamine-free DMEM,
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along with or without FBS in different combinations. For the
deuterated glucose treatment and C−D imaging, MIA PaCa2 cells
were cultured in DMEM media devoid of glucose and supplemented
with 4.5 mg/mL deuterated glucose (d7-glucose, Sigma-Aldrich). For
immunofluorescence and hyperspectral SRS studies, the cells were
fixed using 10% formalin.

Cell Viability Study
Cell viability was measured using an MTT assay. Cells were seeded in
96-well plates and allowed to attach to the bottom of the dish under
normal culture conditions. The plates were then treated with different
concentrations of drugs or nutrition conditions and cultured in the
CO2 incubator in normoxia or exposed to hypoxia in the stage-top
incubator for different lengths of time. Tetrazolium bromide was
dissolved in the culture medium at a concentration of 5 mg/mL. Ten
microliters of tetrazolium bromide solution was added to each well
and allowed to incubate with cells for 2 h. Then the medium from
each well was removed and replaced with 100 μL of dimethylsulfoxide
(DMSO). The optical density values at 570 nm were measured using
a plate reader (SmartReader 96, Accuris Instruments). Six replicates
were performed for each condition on the same 96-well microplates to
produce the error bar in cell viability or density plots.

Fluorescence Labeling
For immunofluorescence labeling of HIF-1α, the primary anti-HIF 1α
antibody (GTX127309, GeneTex) was used at a dilution of 1:200
with the secondary antibody, goat anti-rabbit IgG H&L Alexa Fluor

488 (ab150077, Abcam), at a dilution of 1:200. The secondary
antibody was illuminated by 800 nm femtosecond laser pulses, and
fluorescence signals were acquired using the 570 nm channel. For
labeling protein kinase RNA-like ER kinase (PERK), the primary
antibody (PA5-99447, Thermo Fisher Scientific) was used at a
dilution of 1:200 with a goat anti-rabbit IgG H&L Alexa Fluor 488
(ab150077, Abcam) secondary antibody at a dilution of 1:200. The
immunofluorescence sample preparation followed a standard
protocol. Goat serum was used as the blocking buffer. For ER-
Tracker labeling, 200 nM ER-Tracker Green (Thermo Fisher
Scientific) was incubated with live cells for 30 min before imaging.

Image and Spectral Analysis

Images were acquired using lab-designed software based on
LABVIEW. The images were saved in TXT format and processed
using ImageJ. Images were converted to different color schemes for
better display. Contrasts were adjusted to show details of cells for all
imaging modalities. For the nutrition studies, the same contrast levels
were applied to all conditions. For hyperspectral SRS (HSRS) image
analysis, 200 image frames were acquired to generate the SRS spectra.
LD masks were obtained using the method illustrated in the
Supporting Information. The mask was then applied to the original
HSRS images to obtain the average SRS spectra from LDs. Spectra
were normalized by dividing the maximum value. A more detailed
explanation of the HSRS spectral analysis method can be found in the
Supporting Information (Figure S1). For the statistical analysis, four

Figure 1. Validation of hypoxia conditions via protein expression analysis. (a) Hypoxia-induced changes in HIF-1α expression and ER stress
markers. UPR: unfolded protein response. IRE1α, PERK, and ATF6 are common ER stress marker proteins. (b) CARS and TPEF imaging of MIA
PaCa2 cells under normoxia. The CARS signals are generated at the 2855 cm−1 Raman shift. The TPEF signals result from immunofluorescence
labeling of HIF-1α at 570 nm, excited by both 800 and 1045 nm laser pulses. (c) Similar to panel b but following 24-h hypoxia exposure. (d, e)
Immunofluorescence imaging of PERK in MIA PaCa2 cells under normoxia and after 24-h hypoxia exposure, respectively. (f, g) Similar to panels d
and e, cells are treated with 10 μM tunicamycin for a 24-h duration. (h) Quantitative analysis of the fluorescence signal levels from panels d−g. (i)
MTT cell viability results of MIA PaCa2 cells treated with varying concentrations of tunicamycin under normoxia and hypoxia conditions. Scale
bars: 10 μm. ***p-value ≤0.001.
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images were used for each condition. Each image measures 30 × 30
μm2 area and contains approximately 3−4 cells.

For PERK fluorescence signal quantification made in Figure 1,
seven images were analyzed in each condition. The image size is 60 ×
60 μm2, and each image contains 1−8 cells. For the quantification of
LDs inside ER made in Figure 2, six images were used in each

condition, with each having a size of 50 × 50 μm2. For analyzing the
LD amount and size in Figure 4, three larger images, each measuring
about 200 × 200 μm2, were used. These larger images contain 80−
300 cells, depending on the nutritional conditions and oxygen levels.

■ RESULTS AND DISCUSSION

Confirming the Hypoxia Microenvironment
In this study, we create the hypoxia environment at 5% CO2
concentration, 0.1% O2 concentration, and 37 °C, and
maintain cultured cancer cells in this environment using a
stage-top incubator. It has been reported that hypoxia induces
multiple metabolic and signaling alterations in cells, including
the overexpression of HIF-1α and increased ER stress (Figure
1a). To confirm the creation and maintenance of a hypoxic
environment using the stage-top incubator installed in our
imaging system, we used immunofluorescence to label HIF-1α
and compared normoxia and hypoxia conditions. Simultaneous
CARS and TPEF imaging from the same FOV were performed
for MIA PaCa2 cells. The laser wavelengths were tuned to CH2
vibrations at 2855 cm−1 to visualize LDs and the overall cell
morphology, while TPEF was used to image the fluorescently
labeled HIF-1α proteins. We found that after 24 h of hypoxia
exposure at a 0.1% O2 level, strong fluorescence signals of HIF-
1α were detected under hypoxia but not under normoxia

(Figure 1b,c), highlighting the overexpression of HIF-1α in the
hypoxic environment.

Furthermore, we used immunofluorescence to image and
quantify the PERK protein level, a marker of ER stress,33,34 and
found a significant increase in PERK expression levels after
hypoxia exposure (Figure 1d,e). A similar but less significant
increase in PERK expression was found in normoxia when
treating cells with the ER stress inducer tunicamycin at 10 μM
final concentration (Figure 1f).35 Interestingly, when treating
hypoxic MIA PaCa2 cells with tunicamycin, the cells showed
enhanced PERK expression compared to the normoxia
condition, but similar levels of PERK expression to hypoxia
without tunicamycin treatment (Figure 1g). Quantitative
analysis of PERK fluorescence signals confirmed that both
hypoxia and tunicamycin treatment can enhance ER stress.
The cell viability analysis indicates that MIA PaCa2 cells in
hypoxia were more resistant to tunicamycin-induced ER stress
(Figure 1i). The cancer cells are more resistant to ER stressors
in hypoxia is likely due to HIF-activated unfolded protein
response (UPR), which could enhance chaperone expression
that helps protein folding.36 The metabolic switch from
oxidative phosphorylation to enhanced glycolysis could also
lower the production of reactive oxygen species (ROS) that
might contribute to ER stress.37−39 Collectively, these results
confirm that our stage-top incubator can effectively create a
hypoxic microenvironment for long-term culture and imaging.
LDs Accumulate in the ER in Hypoxia

To quantify and compare LD amounts and distributions in live
cells under normoxia and hypoxia conditions, we applied SRS
microscopy, tuning the laser wavelength to excite at 2855
cm−1. The ER was labeled using an ER-Tracker fluorescent
probe and visualized using the TPEF modality integrated with
SRS. We found abundant LDs in MIA PaCa2 cells under both
normoxia and hypoxia conditions (Figure 2a−d). However, a
larger portion of LDs was colocalized with the ER in the
hypoxia condition (Figure 2b,d). We quantified the total
amount of LDs and the LDs that are located inside the ER
using SRS and TPEF images. The masks of LDs are obtained
using the method as illustrated in Figure S1. The mask of ER is
obtained by TPEF images and performed AND calculation
with the LD mask to obtain LDs inside ER. An example is
illustrated in Figure S2. Quantitative analysis confirmed that
both LD area percentage and the count of LDs inside the ER
increased after 24 h of hypoxia exposure (Figure 2e,f). In
contrast, the ER size showed no statistically significant change.
This phenomenon was also observed in HeLa cells (Figure
2g,h). These results indicate that in hypoxia, LDs in cancer
cells tend to redistribute and accumulate in the ER.

The upright SRS microscope does not permit long-term
imaging of LD redistribution in live cells from the same FOV.
High-resolution imaging requires water-dipping objective
lenses with short working distances for tight laser focusing.
However, dipping the objective lens into the culture dish
necessitates removing the dish lid, leading to media
evaporation and contamination, which compromises the
long-term stability of the cell microenvironment. To solve
this problem, we designed an epi-CARS platform based on an
inverted microscope. The configuration of the epi-CARS
microscope is shown in Figure 3a. This platform is compatible
with the stage-top incubator, which can create and maintain
normoxic or hypoxic microenvironments for cells. The
objective lens remains outside of the culture chamber, allowing

Figure 2. Lipid droplet (LD) accumulation in the endoplasmic
reticulum (ER) in hypoxia. (a) SRS signals at 2855 cm−1 and TPEF
signals at 570 nm from ER Tracker for MIA PaCa2 cells in normoxia.
The composite image overlays the two contrasts from the same field
of view. (b) Similar to panel a but following 24-h hypoxia exposure.
(c, d) Magnified views of the outlined areas in panels a and b,
respectively. (e, f) Quantification of the percentage of LD area inside
ER over the total LD area, and the number of LDs inside ER over the
total number of LDs, for MIA PaCa2 cells. (g, h) SRS images of HeLa
cells in normoxia and hypoxia conditions measured at the 2855 cm−1

Raman shift. Scale bars: 10 μm for panels a, b, and left images in g, h;
5 μm for panels c, d, and right images in g, h. *0.01 ≤ p-value <0.05,
**0.001 ≤ p-value <0.01.
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for unperturbed imaging from the same FOV for over 72 h. To
prevent contact water evaporation when using the water-
dipping objective lens, an index-matching medium was applied.
The CARS signals were separated by a dichroic beam splitter
from the excitation lasers and sent to the PMT.

The epi-CARS configuration integrated with the hypoxia
stage-top incubator allows for long-term monitoring of LD
changes in cells from the same FOV. Long-term imaging was
performed at 0, 1, 3, 4, 5, 6, 8, 16, 18, 20, 24, 25, 29, and 31 h.
In Figure 3b, we display images from 8 selected time points,

where the targeted cell remains within the FOV. To minimize
photoperturbation to cell functions, only 10 image frames were
continuously acquired at each time point with a pixel dwell
time of 20 μs (see video in Supporting Information). As shown
in Figure 3b, under the normoxic condition, LDs are found
both inside and outside the ER. Due to their densely packed
lipid-rich membranes, ERs exhibit stronger CH2 symmetric
stretching signals compared to other cell parts, except for LDs.
Interestingly, we observed a rapid release of LDs from the ER
to the cytosol after just 1 h of hypoxia exposure. The LDs

Figure 3. Time-lapse imaging of lipid droplet (LD) redistribution in live cells. (a) An epi-CARS microscope paired with a stage-top incubator
designed to create and maintain a stable hypoxia microenvironment for time-lapse CARS measurement of LD redistribution in live cells. PBS:
polarization beam splitter; HWP: half-wave plate; PMT: photomultiplier tube. (b) Time-lapse epi-CARS images at various time points, measured at
the 2855 cm−1 Raman shift. The boundary of a cell and its ER area are outlined in yellow and blue, respectively. (c) Quantitative analysis of LD
counts inside and outside ER. (d) Quantitative analysis of total LD areas inside and outside ER. LDs are initially released from the ER within the
first hour of hypoxia exposure and then reaccumulate inside the ER after 24 h of hypoxia exposure. Scale bars: 10 μm.
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reaccumulated in the ER after 24 h of hypoxia exposure
(Figure 3b). To better illustrate the dynamic changes of LDs
inside and outside the ER, we quantified the LD count and
total LD area of the cell at eight time points, with results
plotted in Figure 3c,d. At the 1-h time point, an increase in
LDs outside the ER and a decrease in LDs inside the ER were

detected (Figure 3c,d). The drop in LD count at the 3-h time
point is attributed to LD aggregation, as observed in Figure 3b.
Despite this drop in the LD count, the total LD area indicates
no significant LD depletion at this time point. After 24 h, LDs
inside the ER have significantly increased, while LDs outside
the ER have markedly decreased (Figures 3c,d).

Figure 4. Nutritional effects on lipid droplet (LD) formation and cell viability. (a) SRS images of MIA PaCa2 cells at 2855 cm−1 under various
nutritional conditions in normoxia. (b) SRS images of MIA PaCa2 cells at 2855 cm−1 under various nutritional conditions after 48-h hypoxia
exposure. (c, d) Magnified images of outlined areas from panels a and b, respectively. Scale bars: 50 μm for panels a and b, 10 μm for panels c and
d. (e) Quantitative LD area analysis by quantifying the percentage of LD area over the total cell area in various treatment conditions. (f)
Quantification of LD size in various treatment conditions. (g) The normalized MIA PaCa2 cell density when cultured in various conditions with or
without glucose, FBS, and glutamine in normoxia or hypoxia for 48 h. *0.01 ≤ p-value <0.05, **0.001 ≤ p-value <0.01, ***p-value <0.001.
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ER is responsible for the synthesis of LDs. This time-lapse
study indicates that the LDs in the ER under hypoxic
conditions are newly synthesized after hypoxia exposure. The
accumulation of LDs in the ER in hypoxia suggests that while
LD synthesis continues, the release of LDs into the cytosol is
impeded by the hypoxic condition. This phenomenon is likely
influenced by the impact of hypoxia on key LD biogenesis
proteins such as seipin. Seipin is critical for maintaining the LD
morphology and converting nascent LDs to mature ones.40,41

It was reported that in low oxygen conditions such as
neuroinflammation induced by ischemic stroke, the seipin
mRNA levels are significantly decreased.42 The accumulation
of LDs in the ER might be associated with elevated ER stress,
as shown in Figure 1, or it could contribute to increased
resistance to ER stress induced by tunicamycin. Future studies
will further investigate the mechanisms of LD accumulation
and the relationships between LD synthesis in the ER and ER
stress.

Impact of Carbon Sources on LD Formation and Cell
Viability

Understanding the impact of different carbon sources on the
formation of LDs in cancer cells under normoxia and hypoxia
is crucial. In our cell culture conditions, these carbon sources
include glucose, lipids, and glutamine. FBS is the major lipid
source while normal DMEM culture medium can supply both
glucose and glutamine. Lipids for LD formation can be directly
taken up by cells from the culture medium or synthesized using
glucose or glutamine. We controlled the availability of glucose,
lipids, and glutamine in the culture medium to explore their
impact on cellular LD production. Cells treated with DMEM
(4 mg/mL glucose and glutamine) and 10% FBS served as the
control group. Four other groups were used, each with
deprivation of glucose, FBS, glucose+FBS, and glucose+FBS
+glutamine.

As shown in Figure 4, under the normal culture condition
with all carbon sources available, MIA PaCa2 cells accumulate
more LDs after 48 h of hypoxia exposure compared to
normoxia. Both the total LD area and the average LD size
increased in hypoxia (Figure 4e,f). MTT assay results, which

Figure 5. Changes in the lipid droplet (LD) content under hypoxia. (a, b) SRS images showing LDs in MIA PaCa2 cells under normoxia and
hypoxia conditions, respectively. Arrows point to example LDs in each image. (c, d) SRS spectra in the C−H stretching regions from example LDs
in each condition. (e) Averaged LD spectra from all LDs under normoxia and hypoxia conditions. (f) MTT cell viability results of MIA PaCa2 cells
treated with different concentrations of avasimibe for 24 h under normoxia and hypoxia conditions. Scale bars: 10 μm.
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measure total cell density, show a decrease in cell density
under hypoxia in the normal culture medium (Figure 4g).
Since no significant increase in dead cells was observed during
imaging, the reduced cell count under hypoxia compared to
normoxia is likely due to decreased proliferation of MIA PaCa2
cells upon HIF activation. It is well documented that HIF
activation under hypoxia reduces cancer cell proliferation by
affecting the electron transport chain, the Krebs cycle, and
other metabolic pathways.43,44

When FBS is deprived, LD formation is significantly reduced
in both normoxia and hypoxia conditions (Figure 4a−e),
highlighting the importance of lipid uptake for LD formation in
MIA PaCa2 cells. To verify glycolysis is involved in lipogenesis
and LD synthesis, we used a glucose-free medium and added
deuterated glucose (d7-glucose) for cell culture. After 48 h, we
detected CD signals from LDs in both conditions (Figure S3),
indicating that glucose is involved in lipogenesis and LD
formation. However, no significant difference in lipogenesis
from glucose was observed between the hypoxia and normoxia
conditions. We compared these deuterated C−D signals from
MIA PaCa2 cells with those from HeLa cells. The HeLa cells
showed much stronger C−D signals in the hypoxia condition
compared to the normoxia condition (Figure S3). From these
intensity levels, we conclude that for MIA PaCa2 cells, LD
production from glucose is a less effective pathway compared
to direct lipid uptake.

Conversely, under hypoxic conditions with glucose depriva-
tion, LD accumulation significantly increased (Figure 4a−f)
compared to both the control and FBS-deprived conditions.
This suggests that in the absence of glucose, MIA PaCa2 cells
have enhanced lipid uptake from FBS, contributing to elevated
LD formation. Additionally, glucose deprivation leads to a
significant decrease in cell density in both normoxia and
hypoxia, as shown in Figure 4a−d and 4g, with many cells
exhibiting a rounded shape and stronger C−H signals in SRS
images. This morphological change and higher SRS C−H
signals are associated with apoptosis.45 This indicates that
glucose deprivation results in a more pronounced reduction in
MIA PaCa2 cell growth. Given the correlation between
increased LD count and decreased cell density and viability,
we hypothesize that elevated lipid uptake and LD accumu-
lation in hypoxia, particularly inside the ER, contribute to
increased cytotoxicity and reduced cancer cell proliferation and
survival. When the deprivation of glucose is combined with the
deprivation of FBS, or both FBS and glutamine, LD
accumulation is still observed in MIA PaCa2 cells, especially
under hypoxic conditions (Figure 4e). However, compared to
glucose deprivation alone, in such conditions, LD accumu-
lation is significantly reduced in hypoxia (Figure 4e).

The above results indicate that in hypoxia, MIA PaCa2 cells
tend to slow down their proliferation and accumulate LDs.
Direct lipid uptake is a preferred pathway for LD formation in
these cells under hypoxic conditions, while glucose metabolism
is also involved in LD synthesis in both conditions. This lipid
accumulation can be potentially toxic to cancer cells, and the
availability of glucose is essential to mitigate such lipotoxicity
for MIA PaCa2 cells.
Alteration of LD Lipid Content in Hypoxia

Next, we studied changes in LD lipid contents under hypoxia
using HSRS microscopy in the C−H stretching region. HSRS
has been utilized to understand the content changes of neutral
lipids in many biological systems.25,46−49 We selected two LDs

in MIA PaCa2 cells cultured in normoxia and hypoxia
conditions and compared their SRS spectra. As shown in
Figures 5a−d, a dip at 2870 cm−1, indicating a decrease in
cholesteryl ester content, was discovered under hypoxia.50,51

The narrow peak shoulder between 2960 and 3000 cm−1 also
indicates such a change in cholesteryl ester content.25

Furthermore, we averaged the SRS spectra of all LDs in
MIA PaCa2 cells in different FOVs under both normoxia and
hypoxia conditions. The LD masks were selected based on
their stronger SRS intensity at the 2855 cm−1 Raman
transition. The averaged spectra show similar changes in the
cholesteryl ester content (Figure 5e).

Acyl-coenzyme A: cholesterol acyltransferases-1 (ACAT-1),
also known as sterol o-acyltransferase-1 (SOAT-1), the enzyme
responsible for the accumulation of cholesteryl ester, has been
reported as a potential target for killing prostate cancer
cells.24,52 Given the reduced cholesteryl ester content in
hypoxic MIA PaCa2 cells, we hypothesize that drugs targeting
ACAT-1 would be less effective for hypoxic cells. To test this,
we treated MIA PaCa2 cells with avasimibe, an ACAT-1
inhibitor, under both normoxia and hypoxia conditions, and
found that the hypoxic cells were more resistant to the
treatment (Figure 5f). This further verifies the reduction of
cholesteryl ester in LDs of hypoxic MIA PaCa2 cells.

Besides the cholesteryl ester content difference, an increase
in the SRS spectra at 3010 cm−1 in hypoxia suggests a decrease
in the saturation level of neutral lipids in hypoxia compared to
normoxia (Figure 5c,d).26,53 These changes indicate significant
alterations in lipid metabolism for MIA PaCa2 cells in hypoxia.
It has been reported that hypoxia inhibits the oxygen-
dependent stearoyl-CoA desaturase (SCD) enzyme, leading
to an increase in lipid saturation, particularly triglycerides, in
kidney cancer cells.54 However, we discovered the opposite
change in lipid saturation levels in hypoxic pancreatic cancer
cells. Such a decrease in lipid saturation is also detected in
A549 cells after 48-h hypoxia exposure (Figure S4) but not in
the HeLa cells (Figure S5). These results indicate that hypoxia-
induced lipid content changes are cell-type dependent.

■ CONCLUSIONS
Using CRS microscopy, we discovered LD accumulation inside
ER in MIA PaCa2 and HeLa cells under hypoxic conditions.

Time-lapse CARS imaging revealed that LDs are first released
and then reaccumulated inside the ER during hypoxia
exposure. Furthermore, we found that MIA PaCa2 cells prefer
lipid uptake for LD formation, while glucose is essential for
alleviating lipotoxicity. HSRS microscopy unveiled changes in

Figure 6. A schematic illustrating the changes in lipid uptake, LD
formation, LD accumulation inside ER, and LD content changes
induced by hypoxia.
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LD content under hypoxic conditions, including a reduction in
cholesteryl ester composition and a decrease in lipid saturation
level for MIA PaCa2 cells. The change in cholesteryl ester
content correlates with the reduced efficacy of ACAT-1
targeting drugs for hypoxic cancer cells. A schematic of such
lipid amount, distribution, and content changes is illustrated in
Figure 6. Collectively, our study sheds new light on the
changes in lipid metabolism in cancer cells under hypoxic
conditions. This new understanding provides guidance for
developing new treatment strategies to better target hypoxia-
resistant cancer cells.
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