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Abstract

Emerging studies have shown that lipid metabolism plays an important role in aging. High
resolution /n situimaging of lipid metabolic dynamics inside cells and tissues affords a novel and
potent approach for understanding many biological processes such as aging. Here we established a
new optical imaging platform that combines D,O-probed stimulated Raman scattering (DO-SRS)
imaging microscopy and a Drosgphila model to directly visualize metabolic activities /n situ
during aging. The sub-cellular spatial distribution of de novo lipogenesis in the fat body was
quantitatively imaged and examined. We discovered a dramatic decrease in lipid turnover in
35-day-old flies. Decreases in protein turnover occurred earlier than lipids (25-day vs. 35-day),
and there are many proteins localized on the cell and lipid droplet membrane. This suggests

that protein metabolism may act as a prerequisite for lipid metabolism during aging. This
alteration of maintenance of protein turnover indicates disrupted lipid metabolism. We further
found a significantly higher lipid turnover rate in large LDs, indicating more active metabolism
in large LDs, suggesting that large and small LDs play different roles in metabolism to maintain
cellular homeostasis. This is the first study that directly visualizes spatiotemporal alterations

of lipid (and protein) metabolism in Drosgphila during the aging process. Our study not only
demonstrates a new imaging platform for studying lipid metabolism, but also unravels the
important interconnections between lipid metabolism and aging.

Introduction

Lipids and their metabolites play crucial roles in regulating and controlling cellular function
and diseases.12 They not only serve as energy stores and fundamental constituents of
cell membranes, but also function as the primary and secondary messengers in signal
transduction and molecular recognition processes.® Additionally, lipid metabolism regulates
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gene expressions that influence many aspects of development. Emerging data further
suggested that lipid metabolism directly regulates the aging process,* rather than only
being associated with aging or age-related diseases. However, the lipid metabolic dynamics
during the aging process is still unclear. Unraveling these will promote the design of
therapeutic approaches for diet-regulated aging and age-related diseases such as obesity
and Alzheimer’s disease (AD).45

Conventional methods for lipidomic analyses are usually mass spectrometry (MS)-based,
such as electrospray ionization (ESI)-MS used for the analysis of fatty acids (FAs) and
lipids with large molecular weights (e.g. phospholipids)® and gas chromatography (GC)- or
liquid chromatography (LC)-MS for the analysis of methanol-forming FA methyl esters.’
However, these methods cannot determine the spatial location of lipids in tissues. Matrix-
assisted laser desorption/ionization (MALDI)-MS has been used for the analysis of blood
lipids and highly hydrophobic lipids and provides the spatial distribution of lipids in
tissues, but it is invasive and has relatively low spatial resolution (cellular)® and imaging
depth (<15 pm).® Other imaging technologies have inherent limitations such as low spatial
resolution (magnetic resonance imaging), loss of spatial information (nuclear magnetic
resonance spectroscopy), radioactive labels (microautoradiography), or bulky fluorescent
dyes (fluorescence microscopy) that will disturb the activities of native molecules.

As a quickly evolving optical imaging technology, Raman spectroscopy/microscopy
surpasses these techniques in molecule-specific imaging with advantages including non-
invasiveness, high chemical specificity, high resolution, and multiplex imaging capability.10-
13 When incorporated with a series of probes, Raman imaging illustrates metabolic
dynamics of a variety of biomolecules including lipids, proteins, and DNA in living cells
and organisms /n situ.14-18 We developed an imaging platform that integrates heavy water
(D20) probing with stimulated Raman scattering (SRS) (DO-SRS) microscopy for in situ
imaging of metabolic dynamics of different types of biomolecules simultaneously in living
animals.1? Like water, D,O can diffuse freely into the cell, and the deuterium (D) from D,0O
is incorporated into newly synthesized lipids through de novo lipogenesis. This enables us to
visualize the spatiotemporal metabolic dynamics in organisms.

In this study, we first demonstrated label free SRS imaging in aging D. melanogaster

fat bodies and the necessity of labeled SRS imaging to uncover the metabolic dynamics

in flies. We then present our new approach using DO-SRS microscopy to visualize lipid
(and protein) metabolic activities in the fat body of aging Drosophila. By qualitatively and
quantitatively examining the lipid turnover rate in the lipid droplets (LDs) of the fat body,
we can achieve a better understanding of the roles lipid metabolism play in aging.

Label free SRS imaging for detecting proteins, retinoids, and unsaturated FAs in aging
Drosophila fat bodies

SRS was initially developed as a label free chemical imaging modality and demonstrates
chemical selectivity when visualizing different types of molecules in cells and tissues,
including lipids and proteins. Using label free SRS imaging and Raman spectroscopy we
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detected and tracked endogenous molecules in aging Drosophila. We observed changes in
multiple peaks in the Raman spectra of aging Drosophila, particularly, peaks at 1580, 2850,
2926, and 3005 cm™1 (Fig. 1A). The peaks at 1580 cm~ and 3005 cm~1 resemble retinoids
and unsaturated fatty acids (FAs),1° and the peaks at 2850 and 2926 cm~1 are due to CH,
stretching of lipids and proteins, respectively. We visualized and quantified their contents
and distributions in the fat bodies of flies during aging using SRS imaging, and further
compared the ratiometric images of 1580 cm™1, 2926 cm™2, and unsaturated FAs (3005
cm™1) by dividing them by the CHj stretching of lipids at 2850 cm™ (see Fig. S17 for
quantification results of all age groups).

Retinoids play crucial roles in lipid metabolism and development. A study® showed that
retinoids were positively correlated with fat storage. In response to high glucose stress,
they significantly increased FA desaturation and incorporation into LDs, which reduced
lipotoxicity by high glucose uptake and prolonged the lifespan of C. elegans.

Excessive glucose uptake provokes de novo synthesis of saturated FAs, which can lead to
lipotoxicity when lacking sufficient desaturation and subsequent storage in lipid droplets.
Our SRS images of retinoids at 1580 cm™~1 show that the signals in 7-day-old flies could
hardly be recognized but are readily apparent in 35-day-old flies (Fig. 1B). Ratiometric
images highlight a significant increase of retinoids in 35-day-old flies, indicating the
accumulation of retinoids within the fat bodies of aged flies. We quantified the ratios of
retinoids at 1580 cm™1 to the CH, stretching of lipids at 2850 cm~1 and found a 4.6-fold
increase in 35-day-old flies (Fig. 1C), showing dramatic enhancement of the retinoids level
in old flies.

SRS images of 2926 cm™1 display strong signals in both young and old flies, but ratiometric
images (Fig. 1D) and quantification results (Fig. 1E) revealed significant differences. The
ratio of 2926 cm™ to lipid stretching (2850 cm™1) was 0.9 in 7-day-old flies, but was
dramatically enhanced to 1.34 in 35-day-old flies, indicating more protein contents than
lipids in the old flies’ fat body, which is most likely due to declined lipid storage in old

flies (as shown by the reduction in lipids turnover rates measured, as shown in Fig. 3D).

The distribution of proteins inside individual LDs could also be mapped using SRS imaging,
which was uniform in both young and old flies (Fig. 1D).

We then examined alterations in the unsaturated FA content and distribution in flies during
aging using SRS imaging at 3005 cm™! (Fig. 1F). Unlike the increased retinoid presence
observed in 35-day-old flies (Fig. 1B), we observed a significant decrease in the level of
unsaturated FAs in 35-day-old flies (Fig. 1F). This contrasts the previous study in C. elegans
in which unsaturated FA was positively correlated with retinoids.1® Quantitative results
further showed the ratio of unsaturated FAs (at 3005 cm™1) to CHj, lipid stretching (at 2850
cm™1) was reduced to 0.13 from 0.18 in 7-day-old flies (Fig. 1G). Enlarged ratiometric
images (Fig. 1F) demonstrate that in young flies unsaturated FAs were scattered in various
regions inside single LDs, while in old flies they were more concentrated in one area.
Different distributions of unsaturated FAs in young and old flies may be due to interactions

TElectronic supplementary information (ESI) available. See DOI: 10.1039/d1an01638e
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between LDs and other organelles such as mitochondria and endoplasmic reticulum (ER).
For example, unsaturated FAs that are in close proximity to mitochondria may facilitate
the transfer of FAs for beta oxidation. Another possibility of the uneven distribution may
be associated with proteins at the monolayer surface of LDs, such as enzymes that control
LD growth and degradation. The relocalization of several enzymes from the ER to the LD
surface leads to the localized synthesis of triacylglycerols.20

We also observed a significant reduction of unsaturated lipids on the fat body cell membrane
in 35-day-old flies compared with young flies in the ratiometric images (Fig. 1H). This may
be due to the direct reduction of unsaturated lipids in the membrane or a decrease of small
LDs (which contain a high level of unsaturated lipids) attached to the cell membrane in aged
flies. Future study is needed for validation.

Although we visualized different endogenous molecules in Drosophila fat bodies and
quantified their relative content changes during the aging processes, using label free SRS we
could only measure the total contents of lipids and protein in the fat body without knowing
the quantities of newly-synthesized lipids and proteins. To resolve this, we integrated D,O
labeling with SRS imaging (DO-SRS) and applied it to the Drosophila model, allowing

us to visualize newly-synthesized biomolecules (namely lipids and proteins) that can be
distinguished from existing endogenous molecules and to quantify their turnover rates /n
situ.

DO-SRS enables the detection of lipid turnover in the aging Drosophila fat bodies

The fat body is a major energy storage organ in Drosophila. Excess lipids are converted
into neutral lipids, such as triglycerides (TGs) or cholesteryl esters (CEs) and stored in the
LDs of the fat body. In this study we examined the lipid turnover in the LDs of the fat
body. To use D,0 for in vivo labeling in Drosophila, we first determined the concentration
of D0 that would generate a detectable C-D signal without disturbing the physiological
environment in flies. We then determined the duration of D,O treatment that would cause
optimal deuteium incorporation in the fat body.

We fed 3-day-old adult flies a standard yeast-sugar food mixed with various concentrations
(0-100%) of D0 for 24 h. The deuterium (D) from D,0 would form C-D bonds in
newly-synthesized molecules with a characteristic vibrational frequency in the Raman silent
cellular region (wavenumber 18002800 cm~1).17 By averaging the Raman spectra of 20-30
randomly selected fat body regions from 5 individual flies in each group, we observed a
distinct signal peak at 2143 cm™1 (Fig. 2B and S2At), corresponding to the vibration of
C-D bonds in lipids (and some protein). The C-D signal was detected as early as 24 h
post-cultivation in flies fed 10% D,0O-containing food.

We evaluated the effect of D,O concentration on deuterium incorporation into LD by
calculating the turnover,1” the ratio of the C-D signal at 2143 cm™~1 to the C—H signal

at 2850 cm~L. We found a significant increase in the turnover when D,O was increased
from 10% to 30% in their feed (Fig. S2BT), indicating active metabolism in Drosophilain
the culture environment. However, when the D,O concentration was above 30% deuterium
incorporation started to decline, suggesting the possibility of saturation with deuterium
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incorporation at 30% D50 and the potential inhibitory effect of higher D,O on Drosophila
metabolism. The latter is verified by the shortened lifespan of both female and male

flies fed with high D,0-containing food. Male flies proved more sensitive to high D,O
concentrations (=30%) than females (Fig. S2C and D). Compared with flies on standard
food, the median lifespan of male flies fed 30% D,0-containing food was reduced from 35
+ 1 (days) to 30 + 1 (days), but there was no significant change in female flies. Female

and male flies respond differently to higher D,O concentrations, this may suggest different
metabolic activities or metabolic pathways are involved in different genders. This paper

will focus on DO-SRS metabolic imaging in Drosophila and we won’t further discuss this
gender difference. The median lifespans of both male and female flies showed no significant
difference when treated with 10% or 20% D-0, or standard food. A lower concentration
(10% D,0) might lead to quicker exhaustion of the deuterium source in the body or a longer
time to reach a stable condition. Therefore we selected 20% D,0 for in vivo labeling of
flies.

To examine when D50 incorporation would reach a stable state, we traced the flies fed 20%
D,0 labeled food for 6 days and quantified the temporal deuterium incorporation. We found
that deuterium incorporation reached a plateau on day 4 with a maximum of 12% occurring
on day 5 (Fig. 2C). Hence, we treated flies with D,O for 5 days to obtain detectable and
stable incorporation of deuterium for Raman imaging. We also tracked the utilization of
p-labeled metabolites by transferring the 6-day D,O-labeled flies to unlabeled standard food.
We observed a gradual decay of the deuterium signal until it became barely detectable on the
5th day after chasing (Fig. 2D), indicating that these D-labeled metabolites were completely
utilized.

After determining the D,O concentration (20%) and treatment duration (5-day), we
employed DO-SRS imaging to visualize and quantify metabolism in LDs in Drosophila.
After digestion and absorption in the gut, lipids in the food will enter the hemolymph, which
is analogous to blood in vertebrates, and are then transported to the fat body for storage

in LDs. Under specific conditions such as development, metamorphosis and starvation, the
neutral lipids stored in LDs will be mobilized into fatty acids and provide energy through
B-oxidation. The whole process is analogous to lipid metabolism in mammals.2! The size
and number of LDs in the fat body may act as an indicator of the metabolic level of the

fat body cells; however, this has not been examined, nor has the metabolic dynamics in

LDs been visualized /n vivo. For the first time, metabolic activities have been visualized

in LDs at the subcellular scale /n situ (Fig. 2E). Like in different species or different cell
types, different sizes of LDs exist in Drosophilathe fat body cells (Fig. 2E) range from 0.1
to ~15 pm in diameter. The ratiometric images from CD (at 2143 cm™1) to CH (at 2850
cm™1) further illustrate higher metabolism in large LDs and non-uniform distribution of lipid
metabolism inside LDs (Fig. 2E). DO-SRS images also allowed us to quantify the turnover
rate in large LDs (defined as diameter =4 um) and small LDs (diameter <4 um), as shown

in Fig. 2F. A significantly higher C-D turnover rate was measured in large LDs, indicating
more active metabolism in large LDs, which suggests that large and small LDs play different
roles in metabolism to maintain cellular homeostasis. For comparison, we quantified the
turnover rates using both DO-SRS imaging (Fig. 2F) and Raman spectroscopy (Fig. S2ET)
and obtained consistent results across the two platforms.

Analyst. Author manuscript; available in PMC 2024 February 16.
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Lipid and protein metabolism changes in the Drosophila fat bodies during aging

The lifespan of an organism is strongly influenced by environmental factors including

diet and internal factors, notably reproductive status. Lipid metabolism is critical for
adaptation to external conditions or reproduction.?? Interestingly, specific lipid profiles
are associated with longevity and increased uptake of certain lipids extends longevity

in C. elegans® and ameliorates disease phenotypes in humans.24:25 How lipids impact
longevity and how lipid metabolism is regulated during aging are just beginning to be
unraveled. Studies have demonstrated that lipid profiles change with age in worms, fruit
flies, mice, and humans.22:23.26.27 Consistent with the idea that lipids are important for the
regulation of lifespan, lipid profiles are altered in many long-lived C. elegans and Drosophila
mutants.28:29 But all these studies were based on mass spectrometry, in which tissues

are destructed and the spatial information cannot be preserved during sample preparation.
Raman microscopy can elegantly overcome these limitations and allow us to visualize and
quantitatively examine lipid metabolic changes /n situ.

To examine metabolic activity changes in the fat body cells during Drosophila aging, we
synchronized the larvae and allowed them to grow on standard food until eclosion. Female
flies at day-2, 10, 20, and 30 posteclosion were fed with 20% D,0-labeled food for 5

days, respectively, prior to subsequent Raman spectroscopy and SRS imaging to assess their
turnover rates in the fat body (hence, at 7-, 15, 25, and 35-day posteclosion). The spectra of
7, 15, and 25-day-old flies showed no obvious difference in spectral peaks, but 35-day-old
flies displayed a less distinct spectral peak at 2143 cm~! (Fig. 3A), indicating lower turnover
in aged flies based on the lower signal. The quantification of the turnover rate (the ratio of
C-D signal at 2143 cm™1 to CH, stretching of lipids at 2850 cm™1) showed significantly
decreased metabolism in flies at 35 and 25 days after eclosion (Fig. 3B). In addition to the
peak in the C-D region, 35-day-old flies also displayed evident differences in the peaks at
747, 1580, and 3005 cm™1, as well as the spectral patterns between 2850 and 2926 cm™1.

The C-D peak at 2143 cm™1 is a mixture of signals from newly-synthesized lipids and
proteins. To distinguish them, we unmixed the C-D spectra and separated them into protein
and lipid specific spectra, respectively (Fig. 3C). By removing the protein using proteinase
K treatment in fat body tissues, we obtained a peak at 2141 cm™1, corresponding to newly-
synthesized p-labeled lipids; and by removing lipids using methanol we obtained a peak at
2180 cm™1, corresponding to a newly synthesized D-labeled protein.1? In addition to the
C-D region, the fingerprint and C—H stretching regions from Raman measurements also
provide valuable information on biochemical compositions of the fat body. For example,
after dissolving lipids, a spectrum enriched in protein information appeared (at 2929 cm™1),
allowing us to detect the subtle changes of endogenous protein components that were
usually masked by the strong lipid signal (Fig. 3C). It is worth noting that by comparing Fig.
3A and C the spectral pattern from younger flies is more lipid-like while more protein-like
in old flies, which suggests alterations of lipids and protein contents, in particular, loss of
lipid storage in flies during aging.

To examine how lipid and protein turnover changed during aging, we next quantified lipids
and protein turnover rates by calculating the ratios of the signals from 2141 cm™! to 2850
cm~1 and 2180 cm™1 to 2929 cm™1, respectively (Fig. 3D). A significant decrease in the
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lipid turnover was observed only between 7 day-old and 35 day-old flies. Protein metabolic
activity showed more fluctuations with an increase from 15-day-old flies but then a decrease
from 25- and 35-day-old flies. Decreases in the protein turnover rate occurred earlier than
lipids (25-day vs. 35-day), suggesting that protein metabolism may act as a prerequisite

for lipid metabolism during aging. Studies have shown that triglyceride (TG) absorption

can be impaired by as much as 50% in aging rodents, either due to a defect in lipoprotein
assembly or a decline in the abundance of fatty acid-binding proteins.30 At the same time,
there are many proteins localized on the cell and lipid droplet membrane, which regulate
lipid absorption, transportation, lipogenesis and lipolysis.31-33 The alteration of maintenance
for this protein turnover could also disrupt lipid metabolism. However, more experiments are
needed to determine which protein components are closely related to the loss of fat storage
in aged flies.

Using DO-SRS microscopy, we were able to visualize metabolic activities in fat body

cells /n situ and more importantly, we were able to distinguish individual large and small
LDs and quantitatively map lipid turnover in single LDs (Fig. 3E). This is unattainable by
mass spectrometry. SRS images showed dramatically reduced lipid turnover in 35-day-old
flies compared with 7-day-old flies (Fig. 3E). Quantification results further verified these
significant decreases in both large and small LDs in aged flies (Fig. 3F). In addition, SRS
images showed more large LDs in young (7-day) flies while fewer large LDs but much
more small LDs in old (35-day) flies. In Fig. 3G and H, we observed reductions in both

the number and size of LDs for storage in 35-day-old flies, which may lead to lipotoxicity,
but the enhanced level of retinoids observed in old flies may compensate for the loss of
unsaturated FAs. The average size of large LDs decreased from 13.8 pum in young flies to
3.8 umin old flies (Fig. 3G), and the quantity of large LDs also reduced from 8.5 per cell

to 3.4 LDs per cell (Fig. 3H). The significant reductions of both LD size and quantity in old
Drosophila fat bodies indicate the dramatic decline of lipid storage capability in Drosgphila
during aging. A key function of the fat bodies in Drosophila is to maintain the balance
between energy storage and utilization under different circumstances, the reduced metabolic
activity in old flies may be due to the lower rate of synthesis or higher rate of mobilization.

Discussion

In this study, we establish for the first time a platform that employs DO-SRS microscopy
imaging in a Drosophila model to directly visualize spatiotemporal alterations in lipid
metabolism /n situ during the aging process. SRS is a rapidly evolving optical imaging
technique. Conventional mass spectrometry for metabolic studies cannot provide spatial
information of biomolecules inside cells/tissues, while optical imaging offers a direct means
to observe this activity. SRS microscopy further allows for subcellular and quantitative
imaging. Using D50 as the probe, we for the first time tracked and quantified lipid turnover
rates in the fat body cells of fruit flies during the aging process. The experimental results
from this study showed a tremendous decrease in lipid turnover in 35-day-old flies by
quantitative DO-SRS imaging of CD labeled newly synthesized lipids. In contrast, the
decrease of the protein turnover rate occurred earlier than lipid (25-day vs. 35-day),
moreover, we observed many proteins localized on the cell and lipid droplet membrane,
suggesting protein metabolism may play an important role as a prerequisite for the
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changing lipid metabolism during the aging process. We hypothesize that the disrupted
lipid metabolism during the aging process might be the consequence of altered protein
maintenance, and our planned future follow-up work will show consolidated imaging
evidence. For the quantitative results of a significantly higher lipid/protein turnover rate

in large LDs, we take it as an indication of more active metabolism in large LDs, while
large and small LDs play different roles in metabolism to maintain cellular homeostasis.
Lipid metabolism has been associated with aging and age-related diseases, as more evidence
emerges, showing that rather than a consequence of aging and age-related diseases, lipid
metabolism and its metabolites play active roles in regulating aging.#34 Our established
DO-SRS and Raman spectroscopy imaging modalities for Drosophila enable us to directly
visualize and track spatiotemporal dynamics of lipid metabolism, to further explore the
interplay of lipid synthesis and turnover with aging and aging-related diseases.

In conclusion, our study establishes the first optical imaging platform for the study of
metabolic dynamics in live Drosophila in situ. This imaging platform is widely applicable to
a broad range of biological studies in metabolism, aging, and aging-related diseases.

Materials and methods

Fly stocks

Wild type (w4118 stock #5905) flies were originally obtained from the Bloomington Stock
Center and have been maintained in the lab for several generations.

Drosophila lifespan analysis

The nA118 parents were raised in vials containing standard food. To standardize the effects
of parental age on offspring fitness, parents of experimental flies were of the same age (4-5
days and reared at a constant density for at least two generations). To synchronize larval
development, we allowed flies to lay eggs on yeast apple juice plates for 1 h, discarded the
first batch of embryos, and then collected for another 1.5 h. Groups of 20-25 embryos were
put into vials containing standard food and allowed to develop until pupal eclosion. The
groups of adult progenies that emerged from the puparium within 24 h were transferred to
fresh bottles and allowed to mate for 2 days.

For the lifespan experiments, 2 days aged nA118 females were separated under CO,
anesthesia and randomly allocated to different media (approximately 20-30 flies per vial).
All enclosures were maintained at 25 °C in a controlled light (12/12 h light/dark cycle)

and humidity (>70%) environment. Flies were scored for survival daily and provided with
a fresh medium every 2 days. To minimize any density effects on mortality, two vials with
cohorts were merged when the density of flies reached five or fewer individuals. Enclosures
were placed randomly in the incubator, and positions were rotated after each transfer to
minimize the effects of the microclimate.

D,0-labeling experiments

The metabolic activity changes of wild type flies at different ages were labeled by
transferring the 2-day and 30-day-old female adult flies to the corresponding 20% D,0O
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labeled food conditions for 5 days, then the 7-day and 35-day old flies were sacrificed, and
fat bodies were dissected and subjected to Raman measurements and SRS imaging.

To quantify the LD size, the diameters of 50 LDs (larger than 4 um that can be accurately
measured) in 20 fat cells from 3 different individuals were measured using ImageJ software.
When we calibrated the lipid turnover rate in large and small lipid droplets separately, where
the threshold setup is 4 microns, droplets bigger than 4 microns are considered large and
smaller than 4 microns are considered small.

Drosophila sample preparation for Raman and SRS microscopy

The fat body tissues were dissected in PBS and fixed in 4% formaldehyde for 25 min at
room temperature (RT). After fixation, the tissues were washed four times with PBS in glass
wells. The tissues were then sandwiched between a cover slide and the bottom slide with
PBS solution. To prevent tissue drying, nail polish was used to seal the surrounding of cover
slides.

Resonance Raman spectroscopy

Raman spectra of all tissue samples were recorded using a Raman spectrometer connected
to a confocal Raman microscope (XploRA PLUS, Horiba). A 532 nm diode line focus

laser (~40 mW at the sample) was focused on the cells with the help of a 100 objective
(MPLN100X, Olympus). The laser power on the sample was optimized so as to avoid any
damage to the cells. A cooled charge coupled device (CCD) detector fitted to 2400 grooves
per mm grating spectrometer was used to detect the signal. We measured the Raman spectra
with 60s acquisition time. The background spectra were recorded for each tissue point at

the same focus plane and were subtracted from the original spectrum immediately. All ratio
calculations were carried out on the raw data before any normalization or baseline correction
steps. Peaks were normalized to the phenylalanine peak at 1003 cm~2. The instrumental
calibration was verified using the silicon line at 520 cm™1. The observed data were processed
and analyzed using Prism software (Origin Lab Corporation, Northampton, MA).

Stimulated Raman scattering microscopy

An upright laser-scanning microscope (DIY multiphoton, Olympus) with a 25% water
objective (XLPLN, WMP2, 1.05 NA, Olympus) was applied for near-IR throughput. A
synchronized pulsed pump beam (tunable 720-990 nm wavelength, 5-6 ps pulse width,
and 80 MHz repetition rate) and Stokes beam (wavelength at 1032 nm, 6 ps pulse width,
and 80 MHz repetition rate) were provided by a picoEmerald system (Applied Physics

& Electronics) coupled to a microscope. The pump and Stokes beams were collected in
transmission using a high NA oil condenser (1.4 NA). A high O.D. shortpass filter (950
nm, Thorlabs) was used that would completely block the Stokes beam and transmit the
pump beam only onto a Si photodiode for detecting the stimulated Raman loss signal.

The output current from the photodiode was terminated, filtered, and demodulated using a
lock-in amplifier at 20 MHz. The demodulated signal was fed into the F\VV3000 software
module FV-OSR (Olympus) to form images during laser scanning. All images obtained were
512 x 512 pixels, with a dwell time of 80 s and the imaging speed of ~23 s per image. A
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background image was acquired at 1900 cm™! and subtracted from all SRS images using Fiji
(ImageJ).

Statistical analysis

The Kaplan—Meier Log-rank test was performed for survival data in MATLAB. Others were
tested by Student’s #test, ANOVA with a post hoc Tukey’s multiple comparison or ANOVA
with a post hoc Dunnett’s comparison test using GraphPad Prism software. Ratio data were
analyzed from raw intensity values without baseline correction and normalization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SRS imaging detection of biomolecular changes in LDs. SRS images demonstrate more and
larger LDs in young flies and smaller LDs were observed in old flies. (A) Raman spectra of
the fat body in 7-day-old flies and 35-day-old flies at 1580 cm™1 (retinoid C=C), 2850 cm~1
(CHj, stretching of lipids), 2926 cm™1, and 3005 cm™1 (unsaturated fatty acids). (B) SRS
images of retinoids in the fat bodies of 7- and 35-day-old flies. Ratiometric images of 1580
cm~1 to 2850 cm~1 show a significant increase of retinoids in 35-day-old flies. Retinoids
were not detectable in 7-day-old flies. The distribution profile of the retinoids inside single
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LD is also shown. (C) Quantification of changes in retinoids relative to lipids in 7- and
35-day-old flies. There was a significant increase in retinoids in old flies. (D) SRS images
of 2926 cm™1 in the fat bodies of 7- and 35-day flies. Ratiometric images of 2926 cm™ to
2850 cm™1 demonstrate significantly stronger intensity in old flies, indicating more protein
synthesis. Curves also showed that proteins were evenly distributed in the LDs in both young
and old flies. (E) Quantification of protein changes relative to lipids in 7- and 35-day-old
flies. The relative content of proteins significantly increased in old flies. (F) SRS images of
unsaturated FAs (at 3005 cm™1) in young and old flies. Ratiometric images of unsaturated
FAs to lipids (at 2850 cm™1) show weaker signals in old flies, indicating the reduction of
unsaturated FAs. Plots of the intensity profile show unsaturated FAs were more located

in certain regions inside the LD in old flies. (G) Quantification of changes in unsaturated
FAs in 7- and 35-day-old flies. In old flies, unsaturated FAs decreased significantly. (H)
Ratiometric images of unsaturated FAs near/on the fat body cell membrane. There were
more unsaturated FAs on the membrane in young flies. Results are presented as mean + SD
(n= 25 in each group). Statistical significance was determined by using unpaired Student’s
ttest. **** p<0.0001.
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Fig. 2.

In?:orporation of deuterium (D) in Drosophila fat bodies from heavy water detected by
Raman microspectroscopy and SRS. (A) The fat body cells of Drosophila adults were filled
with lipid droplets of different sizes. Scale bar, 10 um. (B) The averaged Raman spectrum
from the fat body of 3-day-old adult flies treated with 20% D,O for 5 days. A distinct

C-D signal peak at 2143 cm™1 is observed in the cell silent region (ranging from 1800
cm~ to 2800 cm™1 in the Raman spectra, no signal found from natural biological samples)
compared to the spectrum from unlabeled flies. (C) 3-day-old adult flies were fed with
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20% D,0O-labeled food for 6 days and the deuterium incorporation at different time points
was quantified. The deuterium incorporation level reached a plateau on day 5, which was
around 12% of the intensity peaked at 2850 cm™1 (CH, stretching of lipids). (D) After 6-day
D,0 labeling, flies were transferred to unlabeled standard food to monitor the utilization

of the deuterium labeled metabolites at different time points. The level of deuterium signal
decreased gradually with time and was hardly detectable on the 5th day after chasing.

(E) SRS imaging of fat body cells in flies treated with 20% D0 labeling for 5 days.
Ratiometric image of the CD signal (at 2143 cm™1) to the peak at 2850 (CH, stretching of
lipids) displays the metabolic activity inside individual LDs. Zoomed-in images show more
active metabolism inside large LDs than in small LDs. The intensity profiles display spatial
information of C-D turnover, which was more scattered in small LDs than in large LDs.
Scale bar, 20 pm. (F) Quantification of the metabolic activity of large (dia. 24 um) and small
LDs from Raman spectra from 7-day-old adults. The results were shown as mean + SD, 7=
50 from 3 individuals. Statistical significance was determined by unpaired Student’s ~test.
***x p<0.0001.
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Fig. 3.

The metabolic changes in the fat bodies of Drosophila during aging. (A) Averaged Raman
spectra (/7= 50) were collected from flies of different ages (7, 15, 25, 35-day posteclosion).
The flies were labeled by 20% D,0 label for 5 days and then imaged. (B) Quantification

of the C-D turnover by dividing the intensity of 2143 cm™ to the peak at 2850 cm~2.

(C) Unmixing of the C-D spectra into protein and lipid spectra. The peak at 2141 cm™ is
corresponding to the newly synthesized D-labeled lipids, and the peak at 2180 cm™1 is the
newly synthesized D-labeled protein. (D) Quantification of lipids and protein turnover rates
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by 2141 cm~1 to 2850 cm™! and 2180 cm™1 to 2929 cm™1, respectively. (E) SRS imaging of
lipid metabolic activities in 7-day (young) and 35-day-old flies. Old (35-day) flies showed
reduced lipid metabolism compared with young flies. SRS imaging could visualize the lipids
turnover inside single LDs at the subcellular scale. (F) Quantification of the turnover rates
of large (diameter =4 um) and small (diameter <4 pm) LDs in the fat bodies of 7-day and
35-day-old flies. Lipid turnover rates inside both large and small LDs declined significantly
in old flies. (G) Comparison of large LD size in young (7-day) and old (35-day) flies. (H)
Comparison of large LD numbers per cell in young and old flies. Both the size and number
per cell reduced drastically in old flies. Results are presented as mean + SD (7= 50, from 3
individuals). Statistical significance was determined by using unpaired Student’s #test. *, p
<0.05; **, p< 0.01; **** p<0.0001; ns, non-significant difference.
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