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Abstract

Cellular metabolism plays a critical role in various physiological and pathological processes. High resolution imaging of
intracellular metabolic activities is crucial for understanding many biological pathways, and for facilitating disease prognosis
and treatment assessment. Raman scattering (RS) spectroscopy/microscopy, in particular stimulated Raman scattering (SRS),
has emerged as a powerful imaging technology for cellular imaging with high specificity, high sensitivity, and subcellular
resolution. Since its invention, SRS microscopy imaging has been extensively applied in life science for studying composi-
tion, structure, metabolism, development, and disease in biological systems. This review focuses on the latest applications of
SRS imaging, particularly with heavy water probing, for studying metabolic dynamics of biomolecules in organisms during

aging and diseases. Furthermore, future applications and development of SRS imaging in both life science and medicine
are considered.
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Highlights

o Stimulated Raman scattering microscopy with heavy water probing can be leveraged for imaging vibrational “tags” of

molecular bonds.

e The labeling of the carbon-deuterium bonds provides a measurable marker for biomolecule synthesis, particularly for

proteins and lipids.

e These metabolic markers can be vital to understanding physiological processes, such as in aging, age-related diseases and

cancer.

e The application of this metabolic imaging platform has elicited novel findings on the role of protein and lipid synthesis

and turnover.
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Introduction

The metabolic dynamics of biomolecules, such as lipids
and protein, are crucial in the physiological and pathologi-
cal processes in an organism. Metabolic imaging provides
a powerful tool for tracking and quantifying biomolecular
metabolism, which is important for probing alterations in
metabolic pathways, understanding the underlying mecha-
nisms, and for diseases diagnosis and treatment evaluation.
However, high resolution and high sensitivity imaging tools
for mapping these metabolic activities are limited. Conven-
tional imaging techniques implemented in clinics include
positron emission tomography (PET), magnetic resonance
spectroscopy (MRS), and mass spectrometry (MS)-based
imaging such as matrix-assisted laser desorption/ionization
(MALDI)-MS. These methods have inherent limitations
such as low spatial resolution (PET), low sensitivity and
spectral resolution (MRS), long sample preparation time
(MS), or destruction of live tissues (MALDI-MS).

Optical imaging technologies leverage visible or near-
infrared light that provide a direct, non-invasive means to
study biological processes in cells and organisms. Of note
is fluorescence microscopy imaging, an important and
well-known method of imaging living biological systems.
Compared to the aforementioned technologies, fluorescence
microscopy has high spatiotemporal resolution. However,
fluorescence microscopy is limited due to photo-toxicity and
the bulky fluorescent probes often required, which can pos-
sibly disturb the native environment in cell and tissues. An
exception is the multiphoton autofluorescence imaging of
endogenous fluorophores, typically, reduced nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinucleo-
tide (FAD), in living systems [1-3]. Quantitative measure-
ments of the changes in NADH and FAD can reveal cellular
metabolic and differentiation state.

Raman spectroscopy/microscopy, another popular opti-
cal imaging method, was first applied in living organisms
in the 2000s [4-6]. Raman spectroscopy/microscopy uti-
lizes a visible or near-infrared light source and measures
the inelastic scattering of light by vibrating chemical bonds
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within a molecule. Different chemical bonds in a molecule
vibrate at different frequencies, offering unique finger-
prints of the molecule in the Raman spectrum. Due to this
property, Raman imaging technology offers high chemical
specificity and sensitivity. Another advantage of the normal
(spontaneous) Raman is that the signal intensity measured is
linearly proportional to the amount of chemical bonds inside
cells, which allows for quantitative analysis. Since metabolic
activities inside cells and tissues are altered during aging
and diseases, even before morphological changes are visible,
Raman spectroscopy provides an effective method for early
detection and diagnosis of diseases.

Raman spectroscopy is one example of a vibrational spec-
troscopy modality, another being infrared (IR) spectroscopy.
IR spectroscopy was first utilized for imaging a biological
specimen in the 1990s [7, 8]. Unlike Raman imaging, IR
spectroscopy measures the absorption of light in the IR
region due to the dipole moment of bonds within a mol-
ecule, i.e., the unequally sharing of electrons within a bond.
Different bonds within the molecule exhibiting a dipole
moment will absorb the light at different wavenumbers,
generating different fingerprints which are detected based
on the absorbance of specific peaks in the IR spectrum. IR
spectroscopy has robust signal in the fingerprint region but
is limited in live cell imaging due to strong water absorption
in the IR spectrum.

The signal intensity in spontaneous Raman is very weak
that necessitating a long imaging time (low speed), which
limits its applications for metabolic imaging of living
cells and organisms. Therefore, variants of Raman imag-
ing modalities have been developed for metabolic imaging,
such as stimulated Raman scattering (SRS) and coherent
anti-Stokes Raman scattering (CARS). As a relatively new
imaging technique, SRS microscopy was first developed and
applied for bioimaging in 2008 [6]. It has advanced rapidly
as a powerful tool for metabolic imaging since the past dec-
ade. SRS is a nonlinear process that uses two synchronized
pulsed lasers, the pump beam and the Stokes beam. When
the frequency difference between the pump beam and Stokes
beam equals the vibrational frequency of a chemical bond
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within a molecule, the intensity in the Stokes beam increases
(stimulated Raman gain, SRG) and the intensity in the pump
beam decreases (stimulated Raman loss, SRL). Either SRG
or SRL can be detected by SRS spectroscopy. Compared
with spontaneous Raman, SRS signal intensity is several
orders of magnitude higher, thus, providing faster imaging
speed (over 1000 times) [9]. In addition, SRS microscopy
can achieve a spatial resolution up to 100 nm, a temporal
resolution of ~1 ps/pixel, and chemical sensitivity of ~1 pM.
It also enables both multiplex and 3D volumetric imaging
[10]. SRS signal appears at the same frequency (wavenum-
ber) as the excitation beam; therefore, it shares the same
spectral profile as the spontaneous Raman, and the signal
intensity is also linearly proportional to the content of the
molecule, enabling quantitative measurement of metabolites.
In common practice, spontaneous Raman spectroscopy is
used for scanning the whole vibrational spectrum, and SRS
imaging captures a single wavenumber corresponding to a
specific type of biomolecule. Details of SRS imaging prin-
ciples, modalities, and applications have been well reviewed
in references [10-14].

Raman imaging is inherently label-free, circumvent-
ing the need for bulky probes like those in fluorescence
microscopy. It detects chemical bond (e.g., C-H, C=C,
O-P-0) vibration in the fingerprint region (wavenumber 400
- 1800 cm™") and C-H stretch region (2800 — 3100 cm™)
of the Raman spectrum. However, in the fingerprint region
different molecules usually share the same chemical bonds,
leading to spectral overlapping, making it difficult to iden-
tify and quantify each of the molecules, thus limiting the
molecular specificity and sensitivity of imaging. Hence,
the whole Raman spectrum is probed from the fingerprint
to the C-H stretch region for accurate identification of the
biomolecular species. But still, the C-H stretch region does
not have sufficient features for discrimination. In addition,
label free Raman imaging can only provide information of a
steady state, i.e., measure the total content of a species, but
cannot reveal metabolic turnover of the species.

For this reason, vibrational probes have been developed
to increase imaging contrast [15]. Vibrational probes are
chemical groups or specific isotopes that generate a Raman
shift in scattered photons at specific frequencies, of which,
the most utilized for metabolic imaging typically include
stable isotope (deuterium and 13C) and triple-bond (alkyne).
These probes will replace the original bonds (e.g., C-H)
within the endogenous molecules by generating new bonds
such as C-D and C-N, with characteristic vibrational fre-
quencies falling within the Raman cell-silent region (1800
— 2800 cm™!), a region which negligible signal from mol-
ecules commonly present in cells and tissue. Integrating
vibrational probes not only enhances the chemical speci-
ficity, but also allows for tracking and quantifying meta-
bolic dynamics/turnovers of labeled biomolecules that is

impossible in label-free imaging. Stable isotopes (deuterium,
13C) are the smallest labels such that they induce no or little
perturbation to the native environment inside cells, of these
the main isotope label used with Raman imaging is deute-
rium (D). When the deuterium label is incorporated into the
molecules, certain amount of C-H bonds in the molecules
will be replaced by C-D bonds during molecular metabolism,
and the corresponding characteristic vibrational frequency
is shifted from the C-H stretch region (~2900 cm™) to the
cell-silent region (~2100 cm™!). For example, D-labeled
newly synthesized lipids (containing C-D bonds) display a
Raman peak at 2135 cm™!, while a peak at 2845 cm™! corre-
sponds to the total lipids (C-H bonds) [16]. Thus, by probing
the C-D and C-H peaks, lipids metabolic turnover (ratio of
C-D to C-H) can be revealed and quantified. For deuterium
labeling, a direct way is to use deuterated probes for the cor-
responding molecules of interest, such as using deuterated
amino acids (d-AA) for metabolic imaging of protein in live
cells and organisms [17, 18], deuterated fatty acid (d-FA) for
visualizing lipogenic activities in living tissues [19], deuter-
ated cholesterol for visualizing cholesterol storage in lipid
droplets [20], and deuterated choline for mapping metabo-
lites containing choline in cells and C. elegans [21]. This
method is, however, limited in that each probe can only label
one type of molecule.

To probe metabolic activities in multiple species, differ-
ent types of probes are generally needed. However, one study
using only a single probe, D-labeled glucose (D,-glucose),
and with spectral tracing of deuterium isotopes (STRIDE),
successfully traced the allocation of glucose anabolic prod-
ucts toward the syntheses of various biomolecules including
lipids, protein, nucleic acids, and glycogen (Fig. 1) [22]. A
novel approach was further proposed for metabolic imaging
of multiple biomolecules simultaneously. Using heavy water
(D,0) as a universal label for SRS imaging (DO-SRS), met-
abolic dynamics of lipids, protein, and DNA were imaged
in animals in situ, metabolism of lipids and protein were
also visualized simultaneously in animal (Fig. 1) [16]. D,O
label displays many advantages compared with deuterated
labels. As an isotopologue of water, D,O can freely travel
across organelle membranes and diffuse in cells, equilibrate
with body water within an organism and label newly syn-
thesized biomolecules through metabolism. D,O labeling
displays higher labeling efficiency, does not perturb native
metabolism, is nondestructive and is a non-carbon tracer
that can probe de novo biosynthesis, providing a significant
advantage over co similar probes. While cellular uptake of
d-FA may lead to bias in different cell types, this does not
occur with D,O probing. In addition, D,0 labeling enables
simultaneous visualization of lipid and protein metabolism
in cells. For these reasons, DO-SRS imaging is an ideal and
powerful tool for studying aging and diseases.
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Fig. 1 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 young (7-day) flies and old (35-day) flies at 1580 cm™! (retinoid C=C),
2850 cm™! (CH2 stretching of lipids), 2926 cm™!, and 3005 cm™! (unsaturated fatty acids). B SRS images of retinoids in the fat bodies of young
and old flies. Ratiometric images of 1580 cm™! to 2850 cm™! show a significant increase of retinoids in old flies. Retinoids were not detectable
in young flies. C Quantification of changes in retinoids relative to lipids in young and old flies. There was a significant increase in retinoids
in old flies. D SRS images of 2926 cm™! in the fat bodies of young and old flies. Ratiometric images of 2926 cm™! to 2850 cm™' demonstrate
significantly stronger intensity in old flies, indicating more protein synthesis. E Quantification of protein changes relative to lipids in young and
old flies. The relative content of proteins significantly increased in old flies. F SRS images of unsaturated FAs (at 3005 cm™) in young and old
flies. Ratiometric images of unsaturated FAs to lipids (at 2850 cm™') show weaker signals in old flies, indicating the reduction of unsaturated
FAs. Unsaturated FAs were more located in certain regions inside the LD in old flies. G Quantification of changes in unsaturated FAs in young
and old flies. In old flies, unsaturated FAs decreased significantly. H Ratiometric images of unsaturated FAs near/on the fat body cell membrane.
More unsaturated FAs were localized on the membrane in young flies. Results are presented as mean + SD (n=25 in each group). Statistical sig-
nificance was determined by using unpaired Student’s t-test. **** p <(0.0001. Adapted from reference (Li et al., 2021) [23]

Extensive work using Raman for metabolic imaging = CARS, and SRS) metabolic imaging of cells, tissues, and
has been conducted since the past decades. The develop-  organisms have been well documented and thoroughly
ment and applications of Raman (including spontaneous,
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reviewed most recently [14, 24-30]. This review will
focus on the latest advances and applications of SRS and
DO-SRS imaging of organisms for studying metabolic
dynamics/turnover in aging and cancer without the intro-
duction of large exogenous probes. Due to the scope, there
may be studies regrettably uncovered. The first section
will review applications of DO-SRS imaging for studies
on aging. Then, studies on metabolic activities in dis-
eases, such as neurodegenerative diseases and cancer,
will be reviewed. Finally, challenges and perspectives of
metabolic imaging in studying aging and diseases will
be discussed.

DO-SRS imaging of metabolic activities
in studying aging

Aging is associated with progressive decline of physiolog-
ical functions and increased susceptibility to death [31].
It is also a major risk factor for diseases including cancer,
diabetes, cardiovascular diseases, and neurodegenerative
diseases such as Alzheimer’s disease (AD) and Parkin-
son disease (PD) [32]. Recent studies have suggested that
lipid metabolism is not only associated with but crucial
in regulating aging and age-related diseases [33]. Lipids
play important roles in energy storage and mobilization.
They are also fundamental components of cell/organelle
membranes and messengers in signaling pathways [34].
However, it remains unclear how lipid metabolism impacts
aging process. Unveiling the role of lipid in aging will
improve the identification of pharmaceutical targets and
design of therapeutic approaches for improving aging and
treating age-related diseases.

Conventional methods for lipidomic analysis are usually
mass spectrometry (MS)-based, which either lack spatial
information of lipids inside cells, or are invasive and have
low resolution and imaging depth [35, 36]. Thus, high res-
olution optical imaging for trace lipid metabolic dynamics
in live cells and organisms in situ is highly desired. Heavy
water probed SRS (DO-SRS) imaging proposes a novel
and potent approach.

Many studies on aging have investigated the lifespan in
short-lived model organisms. Drosophila (fruit fly) is one
of those most-commonly used, with advantages including
short lifespan (40-50 days), having homolog with ~65%
of human disease-causing genes [37], and genetically
amendable. By examining the lifespan change subjected
to genetic, pharmacological, or dietary manipulation on
Drosophila, the molecular mechanisms in human disease
phenotypes, such as the insulin/insulin-like growth fac-
tor (IGF) and insulin signaling pathway, can be rapidly
investigated.

DO-SRS imaging of metabolic dynamics in aging
Drosophila

The novel DO-SRS microscopy imaging platform was used
to study metabolic activities during Drosophila aging. This
study was the first that directly visualized the spatiotempo-
ral lipids and protein metabolic dynamics in fly fat body at
subcellular scale for studying aging [23].

Validation of SRS and DO-SRS metabolic imaging
of Drosophila fat body

The Drosophila fat body is an analog to human adipose tis-
sue (energy storage) and liver (metabolism, glycogen stor-
age, and nutrient sensing) in mammals [38]. Label free SRS
imaging and Raman spectroscopy were first performed to
identify and track biomolecule metabolism at steady state in
7-day (young) and 35-day (old) adult Drosophila fat body.
Four Raman peaks of interest were detected: two peaks at
1580 and 3005 cm™! were from retinoids and unsaturated
fatty acids (FAs) [39], respectively, and the other two peaks
at 2850 and 2926 cm™" for CH, stretching of lipids and pro-
teins, respectively (Fig. 1 A). Ratiometric images were gener-
ated by dividing all images by the lipids at 2850 cm~!. SRS
imaging found that retinoids level was significantly high in
old (35-day) flies but was barely seen in young (7-day) flies,
indicating old flies accumulated a large amount of retinoids
in the fat body (Fig. 1B-G). Old flies also displayed more
protein contents than lipids in the fat body, most likely due
to decreased lipid storage, and significantly reduced unsatu-
rated lipids on the fat body cell membrane (Fig. 1H); while
young flies showed similar levels of protein and lipids in the
fat body, and more scattered unsaturated FAs inside lipid
droplets (LDs), which were more concentrated in one area
in old flies.

As a validation of the DO-SRS imaging platform for
metabolic imaging, the optimal concentration of D,0O was
first determined for optimal in vivo labeling in Drosophila.
For this purpose, flies were fed standard food mixed with
different concentrations (0 — 100%) of D,O for 24 h. Raman
spectra of 20-30 randomly chosen fat body regions from
different flies were collected. A distinct peak at 2143 cm™'
was observed, corresponding to the C-D bonds in newly-
synthesized lipids. The signal strength increased with D,0
concentration until 30%, and then started to decline, indi-
cating saturation of deuterium in the body and potentially
inhibitory effect at higher concentrations of D,0. This was
verified by lifespan experiments in which male flies that
were fed 30% D,O-containing food displayed a shortened
lifespan, while there was no significant changes in female
flies. But for flies fed 10% and 20% DO, there was no gen-
der difference in lifespan. Therefore, 20% D,O was selected
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for in vivo labeling. In addition, 5-day D,0 treatment was
found to obtain stable and detectable signal.

Then the metabolism in 3-day fly fat body LDs was
imaged using DO-SRS. In Drosophila, after digestion and
absorption, lipids in the food will first enter the hemolymph
and be transported to the fat body and stored in the LDs.
Therefore, the size and number of LDs may serve as indica-
tors of the metabolic level in fat body cells. After treatment
of 20% D,0 for 5 days, metabolic dynamics of lipids in
3-day fly LDs were visualized by SRS microscopy in situ.
Ratiometric images of C-D (2143 cm™") to C-H (2850 cm™")
lipids revealed non-uniform lipid metabolism occurring
inside LDs, and significantly higher turnover in large LDs
(diameter >4 pum) than small LDs (diameter <4 um), indi-
cating more active metabolism in large LDs, while large
and small LDs play different roles in maintaining cellular
homeostasis.

DO-SRS imaging of lipid and protein metabolic activities
in aging Drosophila

For the aging study, female flies at multiple ages were inves-
tigated. Previous studies reported changing lipid profiles
with age in many animal models [40-43] and increased
uptake of lipids extending lifespan in C. elegans [41]. These
studies, however, were based on mass spectrometry that is
destructive and cannot provide spatial information.

With the DO-SRS imaging platform this limitation can
be overcome. Female flies at ages of 2-, 10-, 20-, and 30-day
were fed 20% D,O-containning food for 5 days (hence, 7-,
15-, 25-, and 35-day old), and then subjected to Raman
spectroscopy and SRS imaging to assess lipids and protein
turnover in the fat body. A distinct peak at 2143 cm™' was
observed in all age groups except the 35-day group, indi-
cating significantly decreased metabolic turnover in old
flies (Fig. 2 A, B). The C-D peak at 2143 cm™' is actu-
ally a mixture of mostly lipid and partially protein signals.
To distinguish them, C-D spectra were unmixed by treat-
ing the fat body tissues with proteinase K and methanol,
respectively [16]. By removing protein with proteinase K,
a peak at 2141 cm™! was observed, corresponding to the
newly-synthesized lipids; removing lipids with methanol,
a peak at 2180 cm™! was obtained, correspondingly, newly-
synthesized protein. In addition, Raman spectra displayed a
pattern more lipid-like in younger flies while more protein-
like in old flies, suggesting loss of lipid storage in aging flies
(Fig. 2C, D).

Lipid and protein turnovers were quantified by the
ratios of newly-synthesized lipid/protein (C-D) to total
lipid/protein (C-H), specifically, signals at 2141 cm~! to
2850 cm™!, and 2180 cm™! to 2929 cm™!, respectively.
Lipid turnover was found dramatically declined in both
large and small LDs of old (35-day) flies compared with

@ Springer

young (7-day) flies (Fig. 2E, F). More large LDs were
visualized in young (7-day) flies, while in old (35-day)
flies more small LDs were observed and both the total
number and size of LDs were reduced, indicating drastic
reduction of lipid storage in flies with aging (Fig. 2G, H).
This might also cause lipotoxicity in old flies, but the large
amount of retinoids observed in old flies at 1580 cm™!
(using label free SRS) might compensate for the loss of
unsaturated FAs.

Protein turnover varied across different groups. It was
increased in 15-day flies, then declined in 25- and 35-day
flies. Decreases of protein turnover occurred earlier (25-
day flies) than that of lipids (in 35-day flies), potentially
indicating that protein metabolism may act as a prerequisite
for lipid metabolism during aging. Studies have found that
triglyceride absorption was impaired (up to half) in aging
rodents due to lipoprotein assembly defect or a decline of
fatty acid-binding proteins [44]. In addition, due to the many
proteins on cell and LD membranes, protein turnover change
could potentially lead to impaired lipid metabolism [45, 46].

In this study, a platform was established by employing
D,0O-probed SRS imaging and a Drosophila model, which
for the first time directly visualized the spatiotemporal met-
abolic dynamics of various biomolecules in situ in aging
Drosophila at the subcellular scale. This platform provides a
powerful tool for studying the interactions between metabo-
lism and aging. In the subsequent sections, studies on aging
and age-related diseases using this platform are discussed.

Diet-regulation on metabolic dynamics in aging
Drosophila

One recent study applied the DO-SRS imaging platform to
investigate dietary regulation of lipids metabolic activities
in aging flies [47].

A typical strategy in aging study is to assess the change in
animal lifespans when subjected to different kinds of inter-
ventions such as altered diet, gene manipulation, and drugs,
to understand the mechanisms underlying aging. The nutri-
ent-sensing pathways are well-known for being associated
with aging and aging-related diseases [48]. These pathways
include insulin/insulin-like growth factor-1 (IGF-1) and the
insulin signaling pathway, mammalian target of rapamycin
(mTOR), and adenosine monophosphate-activated protein
kinase (AMPK) signaling pathways. They provide gene and
protein targets for aging study.

DO-SRS imaging of diet regulation on Drosophila lifespan
and lipid metabolic activity

The study first assessed the effects of dietary compositions
on lifespan. Flies were fed foods containing different pro-
portions of sugar and yeast (supplying protein and lipids)
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Fig.2 The metabolic changes in the fat bodies of Drosophila during aging. A Averaged Raman spectra (n=>50) were collected from flies of dif-
ferent ages (7, 15, 25, 35-day posteclosion). The flies were labeled by 20% D,O 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™!. 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™! is the newly synthesized D-labeled
protein. D Quantification of lipids and protein turnover rates by 2141 cm™' to 2850 cm™! and 2180 cm™ to 2929 cm™!, respectively. E SRS
imaging of lipid metabolic activities in 7-day (young) and 35-day (old) flies. Old 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 pm) and small (diameter <4 pm) LDs in the fat bodies of young and old flies. Lipid turnover rates inside both large and small LDs
declined significantly in old flies. G Comparison of large LD size in young and old 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 (n=50, from 3 individuals).
Statistical significance was determined by using unpaired Student’s t-test. *, p <0.05; **, p<0.01; **** p<0.0001; ns, non-significant differ-
ence. Adapted from reference (Li et al., 2021) [23]

including high glucose/fructose/sucrose, high/low protein,
calorie restriction, and standard foods. High sugar and low
protein diets were found to extend fly’s lifespan while high
protein shortened the lifespan, which are consistent with
other studies [49, 50].

Next, to elucidate the interconnections between lipids
metabolism, aging, and dietary composition, using DO-SR
imaging the study visualized and quantified biomolecular

metabolic activities in aging flies on different diets. Flies
at 2, 10, 20, and 30 days old were fed foods containing
20% D,0 and different concentrations of sugar or protein
(as in the lifespan test) for 5 days, then Raman spectra and
SRS images of the fat body were collected (Fig. 3A, B).
The lipid turnover rates, influenced by the varying diets, at
each age were quantified. In flies on a standard diet (con-
trol), lipid turnover reduced with age (7-day to 35-day)
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cant difference. Adapted from Li et al. (2022). E, F DO-SRS imaging of lipid metabolism in the fat body of mutant flies at (E) 7-day and (F)
30-day posteclosion. The ratiometric images (CD;/CH,) display the ratio of CD signal at 2143 cm™! (newly synthesized lipids) to the signal at
2850 cm™! (CH, stretching of lipids).The genetic downregulation of InR/PI3K pathway (Pten, ppl-Gal4 > UAS-Pten; InR DN, ppl-Gal4 > UAS-
InRDN) showed higher lipid metabolism than control, and upregulation of InR/PI3K pathway (InR del, ppl-Gal4 > UAS-InR del) led to reduced
lipid metabolism in both young and old flies. Adapted from reference (Li et al., 2022) [47]
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significantly, which is consistent with previous observa-
tions [23]. High sucrose, high protein, and low protein
diets as well as diets with a calorie restriction all reported
increased lipid turnover when comparing flies at at 7 and
35 days old, but high fructose and high glucose diets only
changed lipid turnover in 25- and 35-day-old flies. Differ-
ent effects of glucose/fructose and sucrose on lipid metab-
olism suggest different mechanisms play a role, calorie
may not be the only factor that regulates lipid metabolism,
and monosaccharides and disaccharides are metabolized
differently in the body, likely due to insulin resistance.
Calorie restriction and low protein diets reduced insulin
resistance and increased insulin sensitivity that stimulated
more lipid synthesis [51]. High protein diet played the
most significant role in enhancing lipid turnover at almost
all ages; in addition, flies on a high protein diet reported a
shortened lifespan. This is likely due to the insulinotropic
effect of dietary protein, which increases insulin secre-
tion, promotes lipid excretion, and slows lipid absorption
and synthesis [52, 53], demonstrated by increased lipid
turnover; but upregulation of the insulin signaling pathway
shortened the lifespan [46].

To evaluate lipid catabolism along with the increased
anabolism in flies on a high protein diet, starvation resist-
ance was tested on flies on both a high protein diet and
standard diet. After being treated with D,0-labeled high
protein and standard diets for 5 days, flies were given
access to water but no food. Flies previously on high
protein diet died within 48 h of starvation, while flies
on standard food died in 120 h. This demonstrated that
flies on high protein diets had a significantly increased
lipid excretion that led to rapid death once on starvation.
Quantitative measurements also determined flies on the
high protein diet had a dramatically higher C-D turnover
at 12 h of starvation compared with control, which drasti-
cally decreased at 24 h and 36 h, indicating increased lipid
catabolism in flies on diets with high protein content.

Furthermore, spatiotemporal changes in LDs due to
diet were examined. SRS imaging of LDs found that in
both young and old flies, LD sizes were enlarged by high
sugar diet but decreased dramatically by high protein diet
(Fig. 3C, D). This further validated the role of high pro-
tein content diets in promoting lipid excretion and hinder-
ing lipid storage, which leading to the shrinkage in LDs
and the reduction of total lipids thus led to enhanced lipid
turnover. High sugar diets maintained or promoted lipid
storage, displayed as changed LD size and increased lipid
turnover due to increased lipid storage. Overall, old flies
with longer lifespan, as regulated by high sugar and low
protein diets, contained more large LDs as lipid storage,
while old flies with more small LDs had a shorter lifespan.

DO-SRS imaging of lipid metabolic activities in aging fly
mutants

The insulin/IGF-1 signaling (IIS) pathway plays an impor-
tant role in regulating aging, as well as glucose and lipids
homeostasis [54]. The phosphoinositide 3-kinase (PI3K) is
a key molecule in the insulin signaling pathway. Inhibition
of PI3K increased lipid metabolism in fly and mammalian
adipose tissue, which led to lifespan extension via down-
regulating the IIS pathway [55].

Using DO-SRS imaging, metabolism in fly mutants were
measured and quantified. A specific Gal4 driver in the fly fat
body, ppl-Gal4, was used to drive UAS-Pten (a lipid phos-
phatase counteracting PI3K enzymatic activity) and InR-DN
(the dominant-negative form of InR) expression, and InR
del (the catalytic constitutive active form of InR) flies at
ages of 2, 15, and 25 days that were fed D,0O-labeled stand-
ard food for 5 days. SRS imaging observed an evidently
higher peak at 2143 cm™' in ppl-Gal4 > UAS-Pten and
ppl-Gal4 > UAS-InRDN flies, correspondingly, inhibiting
(i.e. Pten) or inactivating (/nRDN) the InR/PI3K signaling
pathway significantly enhanced lipid turnover in flies at all
ages, while upregulation (/InR del) led to reduction of lipid
metabolism. Furthermore, in each fly mutant during aging,
downregulating InR/PI3K would maintain the high level of
lipid metabolism, upregulating or inactivating of the path-
way would lead to significant decline of lipid metabolism in
older flies (Fig. 3E, F).

DO-SRS was further applied to assess the relative stor-
ages of saturated and unsaturated fatty acids in the fat body
(with Raman peaks at 2880 and 3005 cm™!, respectively).
Unsaturated FAs were found to be dramatically reduced
in all young fly mutants. Inhibiting the insulin pathway
increased saturated FAs in fly mutants at all ages, and inac-
tivating the pathway only promoted saturated FA storage in
old flies, while upregulating the pathway reduced the storage
in old flies.

This study demonstrates the capability of DO-SRS to
directly visualize lipid metabolic activities in fruit fly when
subjected to diet regulation, enhancing our understanding of
the interconnections between lipid metabolism, aging, and
nutrient-sensing pathway. Many more applications of this
platform are envisioned in studying aging, diseases, and in
much broader fields.

DO-SRS imaging of metabolic dynamics in aging
Drosophila ovary

Above studies have set the criteria/workflow for using
DO-SRS metabolic imaging in aging Drosophila. There-
after, more studies were conducted on probing metabolic
alterations in animal organs during development and aging,
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including the ovary [56] and brain [57, 58]. This follow-
ing study showcases the applications of SRS and DO-SRS
microscopy in studying lipid and protein metabolic activities
in female ovary during development and aging [56].
Temporal changes in stem cells have been found to con-
tribute to aging and age-related diseases [59, 60]. Genetic
and epigenetic pathways involved in stem cell maintenance,
division, and differentiation are evolutionarily conserved.
Drosophila ovary offers an ideal model system for study-
ing stem cell aging [59, 61, 62]. Metabolic changes in the
ovary impacts the quality of oocyte and the development of
embryo. For example, dysregulation of protein homeostasis
during aging is recognized as a causal factor of low-quality
germ cells [63]. Nevertheless, how alterations in metabolism
and specific chemical molecules influence ovary function
during aging is still not fully understood, which is impor-
tant for understanding the molecular mechanisms underlying
premature ovarian failure and infertility diseases [64, 65].
Using DO-SRS imaging, metabolic activities of lipid and
protein in ovarian follicles were studied during Drosophila
development, and alterations of lipid profile in ovary was
visualized during animal aging [56]. Flies at 0 and 30 days
after eclosion were treated with 20% D,0O for 5 days for a
stable and detectable incorporation of deuterium. Same as
observed previously, C-D signal at 2140 cm™! was from the
newly-synthesized lipids and 2180 cm™! newly-synthesized
protein [23]. Evident C-D signals were detected in 5-day old
flies at each development stage (germarium, stages 1, 3, 5,
8, and 14) of the ovarioles. Earlier developing stages of flies
displayed higher protein synthesis, with no difference among
different cell types. Lipid and protein synthesis in young
ovary continuously increased with the germline development
and reached the maximum level in mature oocytes. In 35-day
the flies’ lipid and protein syntheses were greatly reduced,
indicating declined metabolism during aging in ovariole.

SRS imaging revealing different distributions of lipid
subtypes in aging ovariole

To differentiate distinct spatial distributions of saturated
and unsaturated lipids, SRS imaging at 2875, 3005, and
2852 cm™! was performed, which corresponding to satu-
rated, unsaturated, and total lipids, respectively [66—68].
SRS ratiometric images (divided by 2852 cm™') showed
more saturated lipids localized in the germ stem cell niche
of germarium in young (5-day old) females, but significantly
decreased in old (35-day) flies (Fig. 4A, B).

Similarly, unsaturated lipids were also largely reduced in
the germ stem cell niche in old flies, indicating the dramatic
reductions of total lipids in this region during aging. How-
ever, in old flies, unsaturated lipids more accumulated in the
germ cells (nurse cells and oocytes) but not in the surround-
ing follicle cells. They displayed a different distribution
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pattern of lipids compared to young flies, in which both
saturated and unsaturated lipids were localized in the outer
follicle cells and inside germ cells.

SRS imaging of protein distributions in aging ovary

A Raman peak at 1580 cm™' was detected in the Raman
spectrum, and it was determined to be either Cytochrome
c or carotenoids. After treating the ovary with methanol
that removed carotenoids, the peak remained, indicating it
corresponded to Cytochrome c. This peak appeared in the
germarium and at development stage 8 but not stage 14 in
both young and old flies. Ratiometric images (divided by
total protein at 2937 cm™") further displayed that in young
flies’ germarium Cytochrome ¢ was localized within germ
stem cell niche and the developing cysts, while in old flies
the total level of Cytochrome c decreased, particularly in
the germ stem cell niche (Fig. 4C). Cytochrome ¢ was more
evenly distributed in the cytoplasm of nurse and follicle cells
in young ovary, but in old flies it was elevated in the nurse
cells while reduced in the follicle cells.

DO-SRS imaging in aging Drosophila brain

Another recent study [57] utilizing DO-SRS imaging,
alongside deuterated glucose and acetate, investigated lipid
metabolism at the single organelle level in normal aging
and mutant Drosophila to assess the effects of sex, diet, and
genetic interventions on brain lipid metabolic dynamics.

The brain is the second-most lipid-rich organ after the
adipose tissue [69]. It has been reported that in an aged
brain, omega-3 fatty acids decline in concentration and lipid
peroxidation levels increase [70, 71]. Additionally, dietary
deficiency of omega-3 fatty acids may promote neurode-
generation [72], showing the crucial role lipid metabolism
plays in brain function. Changes to lipid metabolism in the
brain may also impact aging and lifespan [73]. Lipid droplets
(LDs) in the brain are mainly localized in glial cells, where
they play important roles in aging and neurodegeneration.
LD in glial cells can protect polyunsaturated fatty acids in
brain membranes from oxidation to maintain neural stem
cell proliferation [74]. LD accumulation in microglia is
involved in neurodegeneration [75], while inability to trans-
fer lipids to glia for LD formation has been reported to lead
to its acceleration [76]. However, how brain lipid metabo-
lism is modulated during aging is not yet fully understood.
Diet intervention affects aging process [49], but how diets
regulate brain lipid metabolism remains elusive.

SRS imaging of lipid metabolism in aging brain

The study first collected Raman spectra of the brain, which
displayed a significant reduction at the 2850 cm™" (lipids)
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Fig.4 SRS imaging of lipid subtype and Cytochrome c in aging Drosophila ovary. A SRS imaging at 2875 cm™ of 5- and 35-day ovaries. Rati-
ometric images of 2875 cm™!/2852 cm™! were used to evaluate the concentration and distribution of saturated lipids. Higher saturated lipid con-
tent was shown in regions 1 and 2a of the germariums in young flies, but it was reduced in the germariums of 35-day old flies. Saturated lipids in
region 2b were mainly localized in the lipid droplets inside the nurse cells of young flies, but they were condensed to the bar-shaped structures
in old flies. At stage 8, saturated lipid was visualized in the cytoplasm of germ cells in both young and old files, but it was reduced in the sur-
rounding follicle cells in old files. The level of saturated lipids at stage 14 was reduced in old flies compared with young ones. B SRS imaging
at 3005 cm™! of 5- and 35-day ovaries. The ratiometric images of 3005 cm™'/2852 cm™ were used to evaluate the concentration and distribu-
tion of unsaturated lipids. Unsaturated lipids were largely reduced in region 1 of the germarium during fly aging. However, they tended to be
accumulated in region 3 in old flies, where germ cells were localized. The distribution of unsaturated lipids is consistent in repeated experiments
for stage 8 follicles in old flies. Compared with the young flies, the content of unsaturated lipids in old files germ cells (nurse cells and oocytes)
was increased, but it was reduced in the surrounding follicle cells (somatic cells). The level of unsaturated lipids at stage 14 was reduced in old
flies compared with the young ones. C SRS imaging of Cytochrome c distribution in aging Drosophila ovary. SRS imaging at 1580 cm™! in
young and old ovaries. Ratiometric images of 1580 cm™'/2937 cm™' were used to evaluate the concentration and distribution of Cytochrome c.
In day 5 germarium, Cytochrome ¢ was detected in the germ stem cell niche and the developing cysts. However, in old flies, the overall level of
Cytochrome ¢ was decreased, especially in region 1 where germ stem cell niche was localized. At stage 8, Cytochrome ¢ showed a clear mito-
chondrial pattern in the nurse cells in both young and old ovaries, which is consistent with its in situ localization to the intermembrane space of
these organelles. In the young ovary, Cytochrome ¢ was evenly distributed in the cytoplasm of nurse and follicle cells at stage 8, while its signal
level was upregulated in the nurse cells and reduced in the follicle cells in old ovaries. Inside the nurse cells, Cytochrome ¢ was more evenly dis-
tributed in young flies but more condensed in old flies. Scale bar, 10 pm in germarium and stage 8, and 20 pm stage 14. Adapted from reference
(Li et al., 2021) [56]

peak in old (35-day) flies, which is consistent with SRS
image results. Unsaturated lipids (at 1656 cm™") also dis-
played significant reduction in aged brain. Stimulated Raman
histology (SRH) images were generated from protein (at
2930 cm™') and lipids (at 2850 cm™"), which clearly dis-
played structural changes in old flies. Compared with young
flies, old fly brains showed increased vacuoles-like struc-
tures, shape changes, and blurred boundaries in the neuro-
pils. Lipid signals were mainly in the brain cortex region,
which were from LDs. LD density was decreased but the
size was enlarged with aging in both male and female flies.
In particular, females had consistently higher LD density
and more increase in LD size than males. These indicate
that lipid metabolism changed in an age- and sex-dependent
manner.

LD in aging Drosophila brain was next investigated.
Using different key enzymes in triglyceride (TAG) synthesis

and mobilized specifically in glia, the main contents of LDs
was verified to be TAGs. Further, since lipid contents inside
LDs can change greatly between cell types or even same type
under different (age) contexts [77], which can be delineated
by Raman spectral shape changes [78], SRS hyperspectral
imaging of single LD was conducted on flies at different ages
and sexes. There was no significant difference found between
young and old brains, suggesting the content in LDs was not
changed during aging.

DO-SRS imaging revealing brain lipid metabolic activities
decreasing with aging

Remodeling of LD size is regulated by lipogenesis and
lipolysis [45, 79]. To understand the underlying mechanism
of brain LDs remodeling, this study used DO-SRS imag-
ing to visualize lipid metabolic activity at single LD level
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during fly aging. Flies at ages 0, 10, 20, 30, and 40 days were
fed diets containing 20% D,O for 5 days. LDs were imaged
and lipid turnover was calculated by the ratio of CD signal
(newly synthesized lipids, 2143 cm™!) to CH signal (total
lipids, 2850 cm™!). Similar as in the fat body [47], newly
synthesized lipids were observed to be non-uniformly dis-
tributed inside individual LDs. Quantification results showed
that lipid turnover increased in young flies (5-15 days) to a
peak at mid-age (15-35 days) before decreasing in old flies
(35-45 days). Both females and males exhibited the same
changing trend, but compared with males, females displayed
earlier and more active lipid metabolism, which reached a
maximum at an earlier stage (25 days vs. 35 days), and the
turnover was consistently higher in young and mid-aged but
lower in 45 days flies (Fig. 5A, B).

Interestingly, LD size in old flies was observed to be
enlarged. Since the LD size is determined by lipogenesis
and lipolysis, to probe which causes the enlarged LD in old
flies, starvation assay was performed on 0- and 30-day flies.
Flies were fed food containing 20% D,O for 10 days first and
then were deprived of food, after which lipid turnover was
measured at 24, 48, and 72 h of starvation. The lipid turno-
ver in LDs was found to decrease faster in young flies in
both sexes, and faster in old males than females, indicating
higher lipolytic rate in young flies than old flies, and higher
in males than females. Thus, the enlarged LD size measured
in old flies could be due to dramatic decline of lipolysis.

Diet restriction (DR) on lipid metabolism has been stud-
ied previously using DO-SRS in fly fat body [47]. Here,
similar results were obtained, moreover, it was found that
DR significantly enhanced lipid turnover in old (45-day) fly
brain in both sexes, especially to a higher level in females.
This implies DR hinders LD metabolism from becoming
inert with aging. The LD size was also found to have been
reduced under DR, but not the LD density.

DO-SRS imaging of lipid turnover regulation by IIS activity

The IIS pathway is a crucial regulator of development and
aging [54]. Dysregulation of the IIS pathway would lead
to insulin resistance, diabetes, and metabolic disorders
[80, 81].

To understand the role of IIS plays in lipid metabo-
lism in aging brain, imaging with DO-SRS was conducted
on Drosophila mutants with reduced functional copies
of chico (a homolog of insulin receptor substrate). The
density and size of brain LDs were reduced significantly
in both old female and male chico’/ +flies, suggesting a
decrease of lipid storage in the brain, which could be due
to the enhanced lipid turnover. To verify this, DO-SRS
imaging was used to measure lipid turnover dynamics in
chico'/ + mutant fly brain. Quantification results from DO-
SRS showed remarkably increased lipid turnover in LDs of
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both young (7-day) and old (35-day) female chico’/+ fly
brains, but only slightly increased in males. This shows
female flies had higher lipid turnover during aging, and
reduction in IIS alter lipid metabolism plays different roles
in females and males. The smaller LD size but larger lipid
turnover in chico'/ + flies suggests downregulation of IIS
enhanced lipid exchanges between LD and membrane.
This was further verified by using dfoxo*** and dfoxo®
Drosophila mutants. LDs were greatly enlarged in dfoxo
mutants especially in old flies, but no remarkable changes
of lipid turnover in dfoxo females while significant reduc-
tion in males (Fig. SC-I). Starvation assay indicated that
these enlarged LDs were due to declined lipid mobilization
during aging process.

Bioorthogonal SRS imaging revealing DR and IIS
manipulation on metabolic shifts

Glia-specific IIS inhibition was shown to extend lifespan in
Drosophila [82]. In addition to studies on the brain during
development, Glial IIS regulation on lipid metabolic activi-
ties in the adult brain was investigated using SRS imaging
in Drosophila mutants, including GliaGS > UAS-Pten (over-
expressing Pten, a lipid phosphatase counteracting PI3K
enzymatic activity), GliaGS > UAS-InRDN (dominant nega-
tive form of InR), and GliaGS > UAS-lacZ (control). It was
found that both UAS-Pten and UAS-InRDN flies displayed
reduced LD density in the brain. Next, DO-SRS imaging of
lipid metabolic activities in 35-day flies mutants showed dra-
matically increased lipid turnover by downregulation of IIS
activity in both UAS-Pten and UAS-InRDN females, but no
significant change in males. Further, using neuron-specific
elavGS driver to downregulate IIS did not change the LD
density and lipid turnover, suggesting that neuronal IIS does
not play a dominant role in brain lipid turnover. It is the glia-
specific IIS that regulates brain lipid turnover.

Furthermore, to determine the metabolic origin of
glial LDs, deuterated (D)-glucose and D-acetate were
used for SRS imaging. Flies were fed diets containing
D-glucose or D-acetate. SRS imaging found D-acetate
derived lipids were increased in flies manipulated by DR
and IIS downregulation, while D-glucose derived lipids
were remarkably decreased subject to IIS downregulation.
These findings indicated that brain metabolism using ace-
tate is the major source for lipogenesis under DR or IIS
downregulation.

DO-SRS imaging of lipid turnover in tauopathy
brains

A latest study using Raman and DO-SRS imaging, stud-
ied lipid turnover in LDs accumulated in tauopathy brains.
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Fig.5 DO-SRS imaging of metabolic activities in brain LDs during aging. A, B Quantification of CD/CH ratios in brain LDs from female (A)
and male (B) flies. Brain LDs were imaged at 2143 cm™! (CD, newly synthesized lipids) and 2850 cm™! (CH, total lipids), respectively, and the
ratios of newly synthesized lipids to total lipids (CD/CH) (lipid turnover) were quantified. Data are presented as mean=+ SD. n=30 ROIs from
8 brains, 3 technical repeats. Statistical significance was determined by using one-way ANOVA. *#**¥p <(0.0001; ns, non-significant difference.
C- I Lipid metabolic changes in IIS mutant flies. C Max Z projected images of the whole-mount brains (upper) and DO-SRS images of brain
lipid turnover (lower) from IIS mutants (chicol/+, dfoxoD**/dfoxo? and chicol/+ ; dfoxoD%*/dfoxo?’) and control (w1118). D Quantification of
lipid turnover rates in brain LDs from 7- (young) and 35-day (old) mutants. n= 15 ROIs from 3 to 5 brains. E, F The SRS images of 2850 cm™!
(magenta; left panels) demonstrate the subcellular distribution of lipids in cell body regions from young and old control flies (+/+) (E) and IIS
mutants (chicol/+) (F). The ratiometric images of 2850 cm~!/2930 cm™' (royal; right panels) quantitatively map lipid levels in the membranes.
White arrows, LDs; orange arrowheads, cell membranes. Scale bar: 10 um. G The quantification LD lipid ratio (LD lipids/(LD lipids + mem-
brane lipids)) and membrane lipid ratio (membrane lipids/(LD lipids + membrane lipids)) from (E) and (F). Data are presented as mean +SD. H
The time-course quantification of CD-lipid mobilization (CD/CH ratio decline) from brain LDs in 10-day IIS mutant flies after 0-, 24-, 48-, and
72-h starvation. Data are presented as mean +SD. n=15 ROIs from 3 to 5 brains at each group. I A model describing that the reduction in mem-
brane lipids could be reversed by IIS downregulation. The membrane lipids were reduced during normal aging process but were preserved by
chicol mutant. Statistical significance was determined by using one-way ANOVA in (D), the statistical analysis in (G) was determined by using
Student’s t-test. ***p <0.001; ****p <0.0001; ns, non-significant difference. Adapted from reference (Li et al., 2023) [57]
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Combining SRS imaging with genetic and pharmacologi-
cal approaches, the study also assessed the role of neuronal
AMPK pathway in LD metabolism, neuroinflammation and
neuropathology in tauopathy brains [58].

LD has been recognized as signaling hubs for inflamma-
tion and immune response [83]. Disrupted or excessive LD
accumulation is associated with metabolic diseases, infec-
tions, and neurodegeneration [84, 85]. Recent advances have
linked LD to the pathophysiology of brain aging and neu-
rodegenerative diseases [75, 86]. Astrocytes and microglia
expressing ApoE4, the most known risk factor for develop-
ing AD, was found to accumulate cholesterol and lipids in
LD [87-89]. To probe the molecular and cellular mecha-
nisms of glial LD accumulation in AD brain, DO-SRS imag-
ing and SRS imaging were employed to assess lipid turno-
ver in LDs accumulated in tauopathy fly brain and induced
pluripotent stem cell (iPSC) neurons, and lipids transfer
from neurons to glia. The role of neuronal AMPK pathway
in LD metabolism, neuroinflammation and neuropathology
in tauopathy brain were also studied.

SRS imaging visualizing LDs accumulation in microglia
of tauopathy brain

SRS imaging was used to visualize metabolism in wild type
(WT) and P301S Tau transgenic (PS19) mouse brains. The
P301S Tau exhibits the early symptoms of human tauopa-
thy. Evident lipids signals (at 2850 cm™') were observed
within LDs. Further, in the brain of both PS19 and WT
mice at 2-3 months old, LDs were barely observed, but LD
accumulation was remarkably higher in the hippocampus of
7-9 months PS19 mouse brain compared with WT mouse.
Accompanying LD accumulation was the decrease of lipid
signal in the membrane, while unsaturated lipid signal (at
3012 cm™") was observed enriched within LDs. All together,
these suggest redistribution of unsaturated lipids from the
membrane to LDs. Co-staining of the tissues with neuron-
and glia-specific antibodies showed LDs were primarily
accumulated in microglia (70%) and astrocytes (10%). 3D
imaging in 9 months old PS19 mouse brain and co-registra-
tion with SRS lipid signal demonstrated the association of
microglial LD accumulation with Tau pathology.

DO-SRS revealing tauopathy fly brain accumulating LDs
with impaired lipid turnover

To study the metabolic dynamics in tauopathy brain, SRS
imaging of Drosophila brains with pan-neuronal overexpres-
sion of human Tau (hTau), a tauopathy phenotype, found
that more and larger LDs accumulated in the brains of 5-day
hTau flies of both sexes than in control mice. These LDs
were found to be mainly localized in the glia (Fig. 6).
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Then DO-SRS imaging was performed to assess lipid
turnover. Flies were fed foods containing 20% D,O for
5 days and then subjected to 72-h starvation to assess the
metabolism of D-labeled lipids. Right before the starvation
assay, hTau flies displayed a higher lipid turnover (CD/CH
signal ratio), i.e., greater lipogenesis in LDs. During the star-
vation, the CD/CH ratio decreased with time in both hTau
and control flies, but in control flies the reduction was dra-
matic (by 58%) while hTau flies remained at a higher level,
showing LDs in hTau fly brain had an inert lipid storage and
compromised metabolic dynamics (Fig. 6).

DO-SRS revealing tauopathy neurons transfer lipids to glia

To visualize lipids distribution in tauopathy neurons, SRS
imaging was performed in human iPSC-derived neurons
homozygous for frontotemporal dementia (FTD)-causing
V337M Tau mutation and healthy control (WT) neurons
in vitro. Higher lipids signals in LDs and increased reac-
tive oxygen species (ROS) levels were observed in V337M
neurons, and the LDs were enriched with unsaturated lipids.
Next, lipid turnover in these two cell lines were observed
using DO-SRS. It was shown that V337M neurons displayed
a higher CD/CH ratio in LDs, showing a higher level of
lipogenesis. During wash-off, CD/CH ratio decreased stead-
ily to zero in WT neurons, while decreasing much slower
in V337M and still maintaining a high level after 72 h of
starvation, indicating less active lipid turnover. Together,
these findings demonstrated that tauopathy neurons accu-
mulated LDs due to increased lipogenesis and reduced lipid
mobilization.

To investigate if LDs were transferred from tauopathy
neurons to microglia, DO-SRS imaging was conducted on
a media transfer experiment, in which neuronal conditioned
media (NCM) from 5-week-old iPSC neurons was transferred
to mouse microglia to replace 50% of glial media. Strong
lipid SRS signal (in LD) was detected in BV2 cells treated
with NCM transferred from iPSC neurons, but not those
treated with WT-NCM (control). DO-SRS imaging further
revealed more D-labeled LDs in V337M-NCM treated but
not control neurons. All together, these demonstrated a lipid
transfer mechanism that tauopathy neurons transferred lipids
to glia and induced LD accumulation in glia.

Overexpression of neuronal AMPK inhibits LD accumulation
in tauopathy brain

Neuronal AMP-activated protein kinase (AMPK) has been
shown to play a critical role in regulating lipid metabolism
[90, 91]. Measuring AMPK activity by immunoblot in the
cortical lysates of 9 months PS19 mice showed decreased
phosphorylated AMPK, indicating impaired AMPK activ-
ity in tauopathy brains. Next, how AMPK activity affects
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Fig.6 LDs accumulate in human Tau (hTau) overexpressing Drosophila brains and have slower lipid turnover. A A cartoon depicts the structure
of Drosophila adult brain. CB, central brain; OL, optical lobe. Neuropils (mainly mushroom bodies [MBs] and antenna lobes [ALSs]) are sur-
rounded by cortical regions where LDs (yellow dots) are primarily localized. B Max Z-projected SRS images of hemibrain (red box in A) from
hTau flies (elavC155-Gal4 > UAS-hTau) and control flies (elavC155-Gal4 > UAS-lacZ). Scale bars: 20 um. C Zoomed-in SRS images showing
that LDs primarily localize to the cortical regions (red boxes in B) of control and hTau fly brains of both sexes. Scale bars: 10 um. D and E
Quantification of LD number (D) and size (E) in female and male brains of hTau flies compared with control flies. F A schematic of DO-SRS
imaging paradigm to assess lipid metabolic dynamics in fly brains. Flies were fed D,0O food for 5 days, then transferred to a tube containing
a H,0-moistened filter paper and subjected to starvation for 3 days. DO-SRS imaging was done at 0, 24, 48, and 72 h after media change. G
DO-SRS images of CD/CH ratio at 0, 24, 48, and 72 h starvation in control and hTau fly brains. Scale bars: 10 pm in zoomed-out images, 5 pm
in zoomed-in images. H Quantification of LD number in WT and hTau fly brains during starvation after D,O labeling. I Quantification of lipo-
genesis in brain LDs after D,O labeling by CD/CH ratio at 0 h. J Quantification of lipid mobilization (the decrease in CD/CH ratio) of brain
LDs at 72 h starvation. K Change of CD/CH ratio within brain LDs at each time point during starvation, normalized to O h. D, E, H, 1, J, and
K) n=5 fly brains per group. D, E, H, I, and J Values are mean+ SEM. (K) Values are mean +SD. * p<0.05; ** p <0.01; *** p <0.001; ****
p<0.0001, by Student’s t-test. Adapted from reference (Li et al., 2024) [58]
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LD accumulation was investigated. DO-SRS imaging was
performed in AICAR-treated V337M iPSC neurons. After
5 days of D,O labeling, AICAR was added to water media
during 72-h wash-off period. LD number was found to
decrease at 48- and 72-h and a lower CD/CH ratio in LDs
was also measured, indicating enhanced lipids mobiliza-
tion that was activated by AMPK (Fig. 7A-D).

Then regulation of neuronal AMPK on LD accumula-
tion was assessed. Overexpression of AMPK was found to
reduce the number and size of LDs in the brain of female
hTau flies but not in WT flies. Previous study showed
AMPK activation was induced by starvation [92]. An
increase of AMPK activity was also detected in WT flies
on starvation, but not in hTau flies on starvation. Further,
how starvation impacts LD dynamics in hTau fly brain
was examined using DO-SRS imaging. Overexpression
of neuronal AMPKWT was found to lead to decreased LD
number, accompanied by declined lipogenesis and acceler-
ated lipid turnover in LDs in hTau fly brains during 72-h
starvation, as measured by CD/CH ratios.

Inhibition of neuronal AMPK exacerbating LD accumulation
and neuroinflammation in mice

Influence of neuronal AMPK on LD accumulation in
tauopathy mouse brain was also examined. SRS imaging
and RT-qPCR analyses showed that in AMPK depletion
(and reduced AMPK activity) mouse mutants, LD accu-
mulation was significantly increased. Increased levels of
cleaved caspase-1 were also observed in the hemihip-
pocampi of mouse mutants, showing increased apoptosis
and inflammasome activation. Further, LDs were found
to be densely localized in the neuronal layers, suggesting
potential involvement of LDs in neuronal inflammasome
activation at an early stage of tauopathy (Fig. 7E-K).

DO-SRS imaging of metabolic activities
in breast cancer

In addition to aging and aging-related disease, recent
studies have employed DO-SRS imaging, integrated with
two photon microscopy, on triple negative breast cancer
(TNBC) cells and tissues [93, 94].

DO-SRS imaging of metabolic activities
for distinguishing TNBC subtypes

A core hallmark of cancer is deregulated cellular metabo-
lism [95]. Lipid metabolism is involved in many cellular

@ Springer

processes such as cell growth, proliferation, differentiation,
membrane homeostasis, and energy maintenance. In cancer,
lipid metabolism is highly reprogrammed, such as increased
lipogenesis and uptake, and increased lipid turnover from
intracellular LD [96, 97]. Triple negative breast cancer
(TNBC) is a highly aggressive cancer with a poor prog-
nosis and high incidence of metastasis [98]. TNBC has six
subtypes including basal-like 1 (BL1), basal-like 2 (BL2),
immunomodulatory (IM), mesenchymal-like (M), mesen-
chymal stem-like (MSL), and luminal androgen receptor
(LAR). Each subtype displays varying responses to targeted
treatment [99]. Early detection of TNBC and distinguishing
its subtypes are crucial for disease prognosis and treatment.
In the study [93], TNBC cell lines from different subtypes
and non-TNBC cells were xenografted to mouse mammary
fat pad, including HCC70 (BL2), HCC1806 (BL2), MDA-
MB468 (BL1) and MDA-MB231 (MSL), as well as BT474
(non-TNBC). After tumors reached volumes ~ 100 — 110 mm?>
(except~260 mm? for HCC1806), mice were fed drinking water
containing 25% D, for 8 days. Breast cancer tissues were then
excised for imaging. Multimodal imaging was performed to
analyze distinct biomolecules within the same region of interest
(ROI) in each tissue sample. Two photon fluorescence (TPF)
microscopy was used to image FAD and NADH, subsequently,
second harmonic generation (SHG) imaging was applied
to visualize collagen fibers, and then DO-SRS imaging was
employed to investigate lipid and protein metabolic activities.

DO-SRS imaging characterizing lipids and protein
metabolism in tumor tissues

DO-Raman was used to collect Raman spectra of the extra-
cellular matrix (ECM) for identifying characteristic peaks.
The spectra showed that TNBC subtype BL2 (HCC1806)
had the highest intensity at 2186 cm™!, corresponding to
newly-synthesized protein, while non-TNBC tissue had the
lowest intensity, indicating enhanced protein metabolism in
TNBC.

To probe lipogenesis, protein in the tissue samples was
removed by proteinase K treatment. DO-SRS ratiometric
images of newly-synthesized lipids (CD; at 2130 cm™) to
total lipid (CH; at 2850 cm™') showed significantly higher
lipid turnover in MSL tissues (MDA-MB231) than other
subtypes and non-TNBC (BT474) tissues. While there
was no substantial difference between TNBC subtypes and
BT474 tissues. This result suggested that lipid turnover
could be severed as a biomarker to distinguish subtype MSL
from other subtypes (Fig. 8A-D).

Subsequently, to examine de novo protein synthesis,
lipids in the tissues were removed by methanol wash. DO-
SRS ratiometric images of newly-synthesized protein (CD,
at 2180 cm™!) to total protein (CH,, at 2930 cm™!) displayed
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Fig.7 A-D AMPK inhibits LD accumulation, promotes lipid turnover in neurons, and decreases neuronal-media-induced LD accumulation in
microglia. A A schematic of DO-SRS imaging timeline in AICAR-treated V337M iPSC neurons. 5-week-old iPSC neurons were cultured in
50% D,O neuronal media for 5 days, followed by complete media change to H,O media containing AICAR (250 mM) for 3 days. B DO-SRS
images showing CD/CH ratio in V337M iPSC neurons at 0, 24, 48, and 72 h in H,O media with DMSO or AICAR treatment. Scale bars: 10 um.
C and D Quantification of LD number (C) and CD/CH ratio (D) in V337M iPSC neurons with DMSO or AICAR treatment in H,O media.
n=10 ROIs from 3 independent experiments. E-K Neuronal AMPK negatively regulates LD accumulation in tauopathy fly and mouse brains.
(E) Representative SRS images showing brain LDs from female WT flies (elavC155-al4 >1acZ), hTau flies (elavC155-Gal4 > hTau; lacZ), and
hTau flies with neuronal overexpression of AMPK (elavC155-Gal4 >hTau; AMPKWT, elavC155-Gal4 >hTau; AMPKDN). Scale bars: 10 um.
F and G Quantification of LD numbers (B) and size (C) in (A). n=6-7 fly brains per group. H DO-SRS images of CD/CH ratio after 0, 24, 48,
and 72 h of starvation in female control and hTau fly brains with or without AMPKWT overexpression. Scale bars: 10 pm. I-K Quantification
of lipogenesis by CD/CH ratio at 0 h (I); lipid mobilization by the decrease of CD/CH ratio within LDs at 72 h (J); and changes in CD/CH ratio
at 0, 24, 48, and 72 h starvation, normalized to CD/CH ratio at O h (K). n=5 fly brains per group. Adapted from reference (Li et al., 2024) [58]
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Fig.8 DO-SRS imaging of lipid and protein metabolic activities in TNBC tissues. A, B SRS images of newly synthesized and total lipid distri-
bution in different types of tumors, respectively. These samples are treated with proteinase K, which breaks down proteins to reveal clearer lipid
signal. C Ratiometric images of CD;/CH; in tissues. D Quantification of lipid turnover rate. There was a significantly higher lipid turnover rate
in MDA-MB231 tissue compared with other subtypes. Statistical significance was determined by using one-way ANOVA test. *** p<0.001;
##%% p<0.0001. Scale bar: 20 pm. E, F SRS images illustrated the newly synthesized and total protein distribution in TNBC tissues, respec-
tively. These samples were treated with methanol, which eliminated lipids to reveal clearer protein signal. G Ratiometric images of CDp/CHp.
H Quantification of protein turnover rate. HCC1806 tissue had significantly high protein turnover and non-TNBC tissue (BT-474) had the low-
est. Statistical significance was determined by using one-way ANOVA test. *, p<0.05; *** p<0.001; **** p<0.0001. Scale bar: 20 pm. I, J
Quantitative results of ratiometric images showed significantly higher cytochrome ¢ and AAA in HCC1806 and MDA-MB231 tissues. K Quan-
tification of unsaturated lipid in different tissues. L Quantification of optical redox ratio. In MDA-MB231 tissues, the optical redox ratio was
significantly lower than in all other tissues. Statistical significance was determined by using one-way ANOVA test. *, p <0.05; **, p <0.01; ***,
p<0.001; #*** p<0.0001. Adapted from reference (Li et al., 2023) [93]

the highest protein turnover in HCC1806 (subtype BL2) tis-

sues, followed by MDA-MB231 (subtype MSL) tissues. All

TNBC tissues showed considerably higher protein turnover
than non-TNBC tissue (Fig. 8E-H). Therefore, protein turno-
ver can be used to distinguish MSL and BL?2 subtypes from
other subtypes, and to discriminate HCC1806 from HCC70

even within same BL2 subtype.

@ Springer

SRS imaging for mapping protein and unsaturated lipids

Raman imaging was also used to map cytochrome c dis-
tribution in TNBC tissue, in addition to Drosophila ovary
during aging. SRS images for cytochrome ¢ were acquired
at 1580 cm™! and compared with the total protein at

2930 cm™!. Ratiometric images and quantification results
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showed higher levels of cytochrome ¢ in HCC1806 (subtype
BL2) tissues, followed by MDA-MB231 (subtype MSL) and
BT474 (non-TNBC) tissues, while HCC70 tissues displayed
the lowest level (Fig. 8I).

Aromatic amino acids (AAAs), including phenylala-
nine, tyrosine, and tryptophan, play an important role in the
stabilization of overall structure of protein, and cancerous
breast tissues exhibited overexpression of AAA [100]. A
previous study used DO-SRS imaging to investigate meta-
bolic changes under excess AAA in cancer cells, and found
decreased protein synthesis in cells, indicating elevated oxi-
dative stress and dysfunction of mitochondria [101]. Here,
ratiometric images of AAA (at 3063 cm™) to total protein
(2930 cm™") demonstrated that AAA contents in all TNBC
tissues were significantly higher than that in non-TNBC tis-
sue, while HCC1806 had the highest and HCC70 had the
lowest content among TNBC tissues (Fig. 8J).

Unsaturated lipids have previously been shown to inhibit
breast cancer proliferation and differentiation [102]. There-
fore, contents and distributions of unsaturated lipids in TNBC
tissues were examined using SRS imaging. Ratiometric
images of unsaturated lipids (at 3011 cm™) to total lipids at
2880 cm™! revealed significantly higher unsaturated lipids in
non-TNBC (BT474) tissue compared with all TNBC tissues.
Among TNBC tissues, MDA-MB468 (subtype BL1) had the
lowest contents of unsaturated lipids (Fig. 8K).

Optical redox ratio and collagen fiber morphology in TNBC
tissues

The SRS microscopy was integrated with TPF and SHG for
multimodal imaging. NADH and FAD play crucial roles in
cellular metabolism. The optical redox ratio, defined as FAD
/ (FAD + NADH), reflects the level of cellular metabolism
and mitochondrial activities. Here, autofluorescence imaging
of NADH and FAD was conducted using TPF. The quan-
tified redox ratio was significantly different in non-TNBC
BT474 tissues compared with TNBC tissues, except HCC70.
Among all TNBC tissues, MDA-MB231 (MSL) tissues
showed the lowest value (Fig. 8L).

Collagen fibers play a crucial role in ECM. They have
significant impact on morphogenesis and tumor progression
[103]. SHG imaging was hence employed for studying col-
lagen fiber morphology in TNBC tissues. Collagen fibers in
TNBC tissues were found to be less curved compared with
non-TNBC tissue, especially near the boundary of tumor.
Fiber angles and anisotropy were also evaluated. All TNBC
tissues exhibited significantly higher anisotropy than non-
TNBC tissue, and the anisotropy was evidently higher at the
boundary than the center in all TNBC tissues. These indicate
that TNBC tissues’ more aggressive feature and rapid pro-
gression at the boundary.

Insulin and methionine interplay in TNBC cellular
metabolism

A hallmark of TNBC is its hyperactivity of mTOR path-
ways, which play crucial roles in glucose, lipid, and protein
metabolism. Insulin and methionine have been shown to be
involved in mTOR pathways [104, 105], and directly affect
proliferation in TNBC [106-108].

To better understand the interplay between methionine,
insulin, and subcellular metabolism in TNBC cells, DO-SRS
imaging was applied to examine lipid metabolic dynamics
inside TNBC cells [94]. TNBC cells (MDA-MB231) and
normal breast epithelial cells (MCF10A) were cultured with
20 x methionine in the growth media supplemented with
50% D,O. Various concentrations of insulin (01x, 1x, and
2x) were then added to the media. MCF10 cells exhibited
decreased lipid/protein ratio with addition of excess methio-
nine, while in TNBC cells the ratio significantly increased
with excess methionine with addition of 1 X and 2 X insu-
lin. DO-SRS imaging was then performed to examine
newly-synthesized lipid and protein. Combining CD;/CH;,
and CD, /CD; ratios, it was shown that excess methionine
promoted de novo lipogenesis in both cell lines. Next, the
morphological changes in LDs were assessed by leverag-
ing 3D SRS imaging. It was observed that LD number was
reduced but volume was increased under excess methionine
in both cells. Of note is the insulin restricted case (0.1 X) in
TNBC, the changes measured were insignificant quantita-
tively. Finally, lipid peroxidation status in both cell lines was
analyzed by using TPF. It was found that TNBC was more
heavily influenced by methionine concentration. In MCF10A
cells, de novo synthesis of chain fatty acids was upregulated
by excess insulin concentration, but excess insulin did not
influence peroxidation in TNBC as much as methionine.

Conclusions and outlook

Since the first application of SRS microscopy for bioim-
aging [6], extensive applications of SRS microscopy have
been carried out for metabolic imaging in life science. SRS
displays many advantages including high sensitivity, high
chemical specificity, high spatial resolution (subcellular),
imaging speed 1000 times faster than spontaneous Raman,
and signal linearly proportion to molecule’s concentration.
Employing vibrational tags for SRS imaging enables visu-
alization of small biomolecules metabolism in live cells
and organisms. Particularly, D,O is shown as a universal
probe to visualize and track metabolic dynamics of vari-
ous biomolecules simultaneously — improving upon deute-
rium probes, which can only track a particular biomolecule.
The application of deuterium-labeled probes is not solely
limited to Drosophila or cellular models, bur has also been
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applied to a variety of different animal models. Deuter-
ated molecules have been readily utilized in mice; from the
study of AMPK regulation in tauopathy mouse brains [58]
to measuring protein synthesis through carotid injection of
deuterated amino acids [18] to quantifying glucose metabo-
lism via [D;]-glucose administration [22]. Furthermore,
lipid and protein synthesis in both C. elegans larvae and
zebrafish embryos have been imaged following D,O treat-
ment [16]. We envision DO-Raman and DO-SRS imaging
can even be implemented in human studies with low heavy
water dosage in the near future, enhancing the essential roles
this technology will play in studying aging and age-related
diseases.

Aside from metabolic vibrational probing, develop-
ments toward enhancing imaging resolution and depth are
plausible. SRS has the same diffraction-limited resolu-
tion as found in the two-photon microscopy. To improve
the resolution, shorter wavelength laser source may be
employed, but it is still limited by diffraction. Efforts have
been made on instrumentation [109, 110], Raman probe
[111], and data processing techniques for super resolution
SRS imaging beyond the diffraction limit. A recent study
developed a deconvolution algorithm, adaptive moment
estimation (Adam) optimization-based pointillism decon-
volution (A-PoD), for SRS imaging and achieved super-
resolved images (up to 59 nm) in cells and tissues of mam-
malian and Drosophila [112]. This imaging processing
approach allows for quantitatively measuring nanoscopic
colocalization of biomolecules and metabolic dynamics
in organelles, which reveals broad applications in other
imaging modalities besides SRS. Increasing imaging depth
is also a challenge for metabolic imaging, which is influ-
enced by the scattering and absorption of biological sam-
ples. Tissue clearing method may be adopted to facilitate
imaging, such as utilized in recent study that employing
urea and Triton to enhance imaging depth 10-fold [113].

Although Raman/SRS, as one single imaging modal-
ity, displays many advantages, it can only provide limited
information from a specific perspective. More and more
studies have combined Raman imaging with other opti-
cal imaging modalities including TPF, SHG, fluorescence
lifetime imaging microscopy (FLIM), Optical Coherence
Tomography (OCT), and Fourier Transform Infrared
(FTIR), for bioimaging in translation research [114—118].
Multimodal imaging modalities allow researchers to assess
different biomarkers within a biological sample from dif-
ferent aspects, to improve diagnostic accuracy and reli-
ability. For example, using a multimodal imaging system,
incorporating SRS, TPF, and SHG, we distinguished
TNBC subtypes based on lipid/protein metabolism, optical
redox ratio, and collagen fiber anisotropy [93]. We believe
multimodal imaging modalities will evolve rapidly and
become essential tools in both research and clinics in the
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near future, while Raman/SRS will keep playing a key role
in metabolic imaging.
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