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Abstract 

Background While the triggers for the metastatic transformation of breast cancer (BC) cells remain unknown, recent 
evidence suggests that intrinsic cellular metabolism could be a crucial driver of migratory disposition and chem-
oresistance. Aiming to decipher the molecular mechanisms involved in BC cell metabolic maneuvering, we study 
how a ketomimetic (ketone body-rich, low glucose) nutrient medium can engineer the glycocalyx and metabolic 
signature of BC cells, to further maneuver their response to therapy.

Methods Doxorubicin (DOX) has been used as a model chemotherapeutic in this study. Bioorthogonal imaging 
was used to assess the degree of sialylation of the glycocalyx along with measurements of drug-induced cytotoxicity 
and drug internalization. Single cell label-free metabolic imaging has been performed, coupled with measurement 
of cellular proliferative and migratory abilities, and MS-based metabolomic screens. Transcriptomic analysis of crucial 
enzymes was performed using total RNA extraction and rt-qPCR.

Results We found an inverse correlation of glycocalyx sialylation with drug-induced cytotoxicity and drug inter-
nalization, where ketomimetic media enhanced sialylation and protected BC cells from DOX. These hypersialylated 
cells proliferated slower and migrated faster as compared to their counterparts receiving a high glucose media, 
while exhibiting a preference for glycolysis. These cells also showed pronounced lipid droplet accumulation coupled 
with an inversion in their metabolomic profile. Enzymatic removal of sialic acid moieties at the glycocalyx revealed 
for the first time, a direct role of sialic acids as defense guards, blocking DOX entry at the cellular membrane to curtail 
internalization. Interestingly, the non-cancerous mammary epithelial cells exhibited opposite trends and this differ-
ential pattern in cancer vs. normal cells was traced to its biochemical roots, i.e. the expression levels of key enzymes 
involved in sialylation and fatty acid synthesis.

Conclusions Our findings revealed that a ketomimetic medium enhances chemoresistance and invasive disposi-
tion of BC cells via two main oncogenic pathways: hypersialylation and lipid synthesis. We propose that the crosstalk 
between these pathways, juxtaposed at the synthesis of the glycan precursor UDP-GlcNAc, furthers advancement 
of a metastatic phenotype in BC cells under ketomimetic conditions. Non-cancerous cells lack this dual defense 
machinery and end up being sensitized to DOX under ketomimetic conditions.
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Background
Breast cancer (BC) represents the leading cause of can-
cer-related deaths among women worldwide [1]. It is 
widely recognized for its strong propensity to metasta-
size to bone, liver, and brain. In the process of metastasis, 
mammary epithelial cells (MECs) undergo a transforma-
tion, adopting an invasive phenotype, and migrate away 
from the primary tumor to infiltrate and establish them-
selves elsewhere in the body [2, 3]. Unfortunately, the 
triggers for the transformation of MECs remain unknown 
and recent evidence has suggested that switches in meta-
bolic activity are initiators for invasive and drug-resistant 
phenotypes [4].

Metabolic manipulation is a well-known hallmark of 
cancer. Typical cellular metabolism uses oxidative phos-
phorylation (OXPHOS) for ATP generation. However, 
tumor cells are also supported by an additional aerobic 
glycolytic pathway to meet their increased energetic 
demands, a process known as the Warburg effect, i.e. 
lactate formation and shuttling NADH into the mito-
chondria for ATP generation [5, 6]. This facet of cancer 
cells, along with additional alterations in lipid metabo-
lism, together regulate cancer aggressiveness and therapy 
resistance [7, 8]. Particularly, tumors in the breast are 
surrounded by bulk adipose tissue that provides a steady 
supply of lipids, which are the metabolic precursors for 
beta-oxidation, a supporting pathway for extra energetic 
demands of cancer cells [9, 10]. It is believed that an 
antioxidant-rich buffering environment created by lipid 
synthesis/metabolism protects the cells against chemo-
therapeutic-induced ferroptosis [11, 12]. Another crucial 
pathway is the mevalonate (MVA) biosynthetic pathway, 
which is associated with reprogramming of lipid metab-
olism in specific cancer cells [13]. The MVA pathway is 
essential for ensuring the supply of cholesterol-derived 
metabolites for tumor propagation and is also believed to 
be linked to chemoresistance [14]. Moreover, mammary 
adipocytes have been shown to stimulate BC invasion 
through fatty acid-mediated metabolic remodeling [15, 
16]. The increased reliance of BC cells on fatty acids from 
surrounding adipose tissue has also been seen to pro-
mote cancer invasiveness through the epithelial-to-mes-
enchymal transition (EMT) [17, 18]. During EMT, BC 
cells acquire an increased mesenchymal phenotype and 
show enhanced migratory capacity and elevated rates of 
metastasis [19].

One more interesting property of BC cells is hyper-
sialylation, which is the presence of increased sialic 

acid residues on membrane-associated glycoproteins 
and glycolipids. It  has been established as an onco-
genic biomarker by numerous studies over the recent 
decades [20–22]. Studies have highlighted the vital role 
of glycocalyx sialylation in several physiological pro-
cesses [23], including their participation in cell–cell 
and cell–matrix interactions [24]. In BC, pronounced 
expression of sialoglycans correlates with the aggres-
siveness of the tumor and its capacity to invade neigh-
boring tissue [25]. Recent research has focused on the 
development of strategies to inhibit aberrant sialyla-
tion as a potential route to control tumor growth and 
promote immune response while also enhancing the 
effectiveness of conventional chemotherapeutics and 
contemporary immunotherapeutics [26–29]. As hyper-
sialylation relies heavily on enhanced sialic acid biosyn-
thesis from the oncogenic glycolytic upsurge in cancer 
cells, it stands to reason that nutrient (dietary) changes 
could impact the extent of sialylation of the glycocalyx. 
The link between diet and sialylation has been stud-
ied in the context of aging, and high-fat diet or dietary 
restrictions have been shown to alter the acetylation 
pattern of cell surface sialic acids, based on the avail-
ability of acetyl CoA [30]. It has also been observed that 
exogenously fed sialic acid attenuates inflammation and 
oxidative stress induced by a high-fat diet [31]. Inde-
pendently, very recent studies have begun examining 
the effect of different diets on the efficacy of anticancer 
therapy in animal models [32, 33]; however, no studies 
have probed the direct effects of ketomimetic nutri-
ent medium on glycocalyx sialylation that may mediate 
changes in therapy success or invasive disposition of 
BC cells.

Although recent research has shown that increased 
dietary lipids can act as a chemotherapy adjuvant in 
many cancer models [34, 35]. There are mixed findings 
in animals adopting a ketogenic diet with both enhance-
ment and reduction of chemoresponse observed [32, 
36, 37]. This discrepancy may be dependent on the 
specific tumor model being used. More importantly, 
these studies are mostly based on a macroscopic exami-
nation of animal survival or tumor size over time. A 
connection between local metabolic fuel perturba-
tion, cellular/tumor metabolism, and chemotherapy 
was only  recently reported [38], but unfortunately 
the connections to specific mechanisms are unclear. 
Our report is the first one to offer a clear mechanistic 
understanding of the effect of local metabolic fuel on 
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the key drivers of BC metastasis and chemoresistance. 
Herein, we investigate the crosstalk of these two key 
oncogenic drivers, lipid accumulation and hypersia-
lylation, and their collective response to ketone bodies 
as alternate nutrient sources available to BC cells. We 
investigate the direct role of a ketomimetic nutrient 
medium (rich in ketone bodies and low in glucose) on 
BC cell aggressiveness, invasiveness, and therapy resist-
ance coupled with metabolic signatures.

Results and discussion
Ketomimetic nutrient medium enhances glycocalyx 
sialylation and confers chemoprotection to BC cells
Sialic acids, being correlated with increased malignancy, 
make the hypersialylation of cancer cells a potential 
avenue by which to assess tumorigenicity and, possi-
bly, invasive disposition [22]. We used the bioorthogo-
nal click chemistry imaging technique to measure 
degree of glycocalyx sialylation with the azido mannose, 
 Ac4ManNAz, using the copper-free methodology devel-
oped by Bertozzi et al. [39]. To quantify relative sialyla-
tion at the membrane, we counter-stained the plasma 
membrane and calculated the integrated fluorescence 
intensity/ perimeter of membrane. This further ensures 
that larger and smaller cells are quantified without bias. 
Our data revealed that the invasive MDA-MB-231 BC 
cell line boosted its sialic acid levels by ~ twofold when 
glucose in their nutrient medium is lowered to 1 g/L 
from 4.5 g/L and when ketone body forming 3-hydroxy-
butyrate (HB) supplemented low glucose medium is 
used (Fig. 1A and B).

Switching the medium to low glucose (LG) or HB-rich 
low glucose (HBLG) media allowed us to explore how 
changing nutrients affect sialylation. The effect of sup-
plementation of HB on sialylation when compared to LG 
alone was not significant, and both conditions showed 
more sialylation than the standard high glucose (HG) 
medium. In the MCF-7 (somewhat less invasive) BC cell 
line, switching to LG alone caused a 1.2-fold increase 
in sialylation compared to HG, and HBLG did not alter 
the effect of low glucose  significantly. Meanwhile, non-
cancerous MECs, the MCF-10A cell line showed a sig-
nificant reduction in sialylation as the amount of glucose 
was lowered and exhibited a further drop to less than 0.5-
fold in the HBLG medium compared to the HG medium. 
The opposite impact of nutrient switching on sialylation 
of cancer versus non-cancer cells is intriguing. From 
these results, we infer that: (a) cell nutrient sources can 
manipulate cellular metabolic pathways to modify their 
protective glycocalyx and (b) the differential metabolic 
characteristics of cancer vs. non-cancer cells have direct 
consequences on their ability to sialylate their respective 
surfaces.

While the selection of the concentration of  Ac4ManNaz 
used for metabolic labelling was based on literature [39–
41], we further performed a control experiment to con-
firm that externally supplemented  Ac4ManNAz did not 
significantly perturb native sialic acid metabolism. We 
used MCF-10A cells, where the degree of membrane sia-
lylation correlated with glucose supplied, while keeping 
the  Ac4ManNAz concentration constant. This experi-
ment showed that a decrease in the amount of supplied 
glucose in the medium resulted in a monotonic decrease 
in the degree of membrane sialylation via our quantifica-
tion metric (Supplementary Figure S1), suggesting that 
the azido mannose derivative added does not override 
native sialylation cellular machinery.

Although hypersialylation is considered an indication 
of enhanced chemoprotection and metastatic potential 
[42], the molecular mechanisms connecting elabora-
tion of sialoglycans and efficacy of chemotherapeutic 
response remain unclear. As can be seen from Fig. 1C, 
LG and HBLG media progressively decrease the sen-
sitivity of the BC cells (MDA-MB-231 and MCF-7) to 
the chemotherapeutic agent Doxorubicin (DOX). We 
also examined our cells for signs of toxicity in the pres-
ence of 3mM hydroxybutyrate in low glucose media, 
and we did not find any toxicity (Supplementary Figure 
S2). The absolute cytotoxicity values of DOX (relative 
to HG) are shown in the Supplementary Figure S3. The 
presence of ketone body-forming metabolites in the 
media appeared to protect the BC cells from the chem-
otherapeutic agent. In contrast, both LG and HBLG 
media sensitized the non-cancerous MEC’s, MCF-10A 
cells to the cytotoxic action of DOX, as confirmed by 
a lactate dehydrogenase (LDH) cytotoxicity assay. In 
addition to the opposing effects of nutrient medium in 
case of non-cancerous and BC cells, we also observed 
an inverse correlation between the trends of sialylation 
and DOX-mediated cytotoxicity. That is, enhancement 
in glycocalyx sialylation suppressed DOX-induced 
cytotoxicity and vice versa.

Ketomimetic nutrient medium promotes a glycolytic 
phenotype
Label-free metabolic imaging using fluorescence lifetime 
microscopy (FLIM) of NADH autofluorescence was used 
to assess changes in cellular metabolic phenotype, in 
real-time, in response to drug treatments in the different 
nutrient media. Figure  2A shows representative images 
of the NADH intensity and NADH metabolic index in 
MDA-MB-231 and MCF-10A cells.

In general, HBLG medium promotes glycolysis in both 
the cell types, non-cancerous and invasive BC (Fig.  2B, 
C), referring to MCF-10A and MDA-MB-231 cell lines, 
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respectively. Interestingly, DOX treatment causes a 
progressive enhancement in the glycolytic preference 
(Fig. 2C) over time. Notably, while a comparable increase 
in glycolytic activity is noted in MCF-10A and MCF-7 
cells in HBLG media following DOX treatment, MDA-
MB-231 cells do not show enhanced glycolysis with DOX 
treatment. This suggests that either the suppression 
of the DOX response or the inherent glycolytic activity 

of MDA-MB-231 cells is maxed out in LG and HBLG 
media. Images of NADH intensity and metabolic index 
for all the three FOV’s in each condition are provided in 
Supplementary Figures S4-S9.

A general belief is that preference for glycolysis over 
oxidative phosphorylation (OXPHOS) in cancer cells is 
indicative of a stronger propensity for invasion rather 
than proliferation. This hypothesis was further confirmed 

Fig. 1 BC cell sialylation and susceptibility to chemotherapy is nutrient dependent and internally inversely related. A Representative confocal 
microscopy images of MDA-MB-231, MCF-7 and MCF-10A cells obtained using azide-alkyne click-chemistry following metabolic labeling 
of membrane sialic acids in the respective nutrient media: high glucose (HG), low glucose (LG) and HBLG (3-hydroxybutyrate-containing, low 
glucose). Green: AF488; scale bar: 100 µm. All images were collected at identical conditions and are displayed with the same LUT. B Relative 
sialylation levels in each cell line normalized to HG control as quantified using AF 488 intensity/perimeter of membrane in an image of labeled cells. 
For each cell type, images from two separate experiments (N = 2) were used with 10–15 different FOVs collected for each experiment. A custom 
pipeline created in Cell profiler was used for quantification based on generation of membrane mask using an image of the cells with CellBrite 
Membrane stain. Scatter plots shown here with black horizontal lines representing means, and error bars representing the standard error 
of mean (SEM), p-values were calculated using a two-tailed unpaired t-test in GraphPad Prism. C Normalized relative cytotoxicity of DOX (1µM) 
in MDA-MB-231, MCF-7 and MCF-10A cells in the respective nutrient media plotted using mean values where error bars represent SEM and p-values 
were computed using a two-tailed unpaired t-test in GraphPad Prism. *, **, *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively
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using functional assays of proliferation and migration 
(discussed below). Whether the increase in glycolytic 
phenotype in a non- cancerous MEC line, like MCF-
10A, translates into a slower or a faster proliferation rate, 
is an interesting question that we explore below. When 
glucose levels were altered in the media, total cellular 
glucose consumption for BC cells remained constant 
(Fig.  3A). Moreover, the addition of HB to LG medium 
did not change glucose uptake appreciably. Thus, we 

can conclude that reducing glucose availability does not 
affect total glucose uptake.

We observed that, as opposed to non-cancerous breast 
epithelial cells, glucose deprivation makes both the BC 
cell lines: MDA-MB-231 and MCF-7 more “glucose-
hungry”. These BC cells consume nearly 3–4 times higher 
percentage of available glucose (Supplementary Figure 
S10) to maintain the same total amount of uptake. Inter-
estingly, the same total uptake is maintained despite the 

Fig. 2 Alterations in NADH metabolic index of cells cultured in different media during the first hour of DOX treatment. A Upper three panels: 
representative intensity contrast images of MDA-MB-231 cells under HG, LG, and HBLG medium at 0 min are shown on the left and FLIM images 
(α1/α2) are shown towards the right in the order 0 – 60 min. Scale bar, 10 µm. Similarly, representative images of MCF-10A cells in HBLG are shown 
in the lower panel. B Histogram showing normalized NADH metabolic index histograms obtained from MCF-10A, MCF-7, and MDA-MB-231 
in normal, LG, and HBLG medium over time. C Dot plots showing averaged NADH metabolic index obtained from MCF-10A, MCF-7, 
and MDA-MB-231 in normal, LG, and HBLG medium over time. Circular symbols are median values and error bars represent standard deviations 
over all pixels from a set of three different FOV’s per condition
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lack of insulin in LG and HBLG media. This is consistent 
with the enhanced glycolytic phenotype in low glucose 
nutrient media observed from FLIM (NADH metabolic 
index at time 0).

Ketomimetic nutrient medium slows proliferation 
and promotes migration of BC cells
As measured from an Erythromycin B-based cell count-
ing assay, it was observed that the ketomimetic nutrient 

Fig. 3 Glucose consumption and migratory propensity of cells in different nutrient media. A Glucose consumption patterns of MDA-MB-231, 
MCF-7 and MCF-10A cells in the respective nutrient media: high glucose (HG), low glucose (LG) and HBLG (hydroxybutyrate containing low 
glucose). Changes in the amount of glucose consumed by the cells after four days of culture are plotted with data from n = 3 and N = 2 being 
pooled together. GraphPad Prism was used for plotting the data with colored bars representing means and error bars representing SEM, two-tailed 
unpaired t-tests were performed for column-wise statistical analysis. B Cellular proliferation profiles of the three cell lines in the respective nutrient 
media. Symbols denote mean values and error bars denote SEM from N = 2 and n = 2. C Cellular migration profile of MDA-MB-231 cells in response 
to changes in nutrient media quantified using images of crystal violet stained cells that have migrated across transwell membrane. Images 
from two separate experiments (N = 2) were used with 8–10 different FOVs collected for each experiment. The percentage (%) occupied area 
was measured using ImageJ software; bar graph displays mean values with error bars denoting SEM. Representative images are shown in the right 
panel, scale bar = 50 µm. Significance was assessed using a two-tailed unpaired t-test in GraphPad Prism where ns, **, *** indicate p > 0.05, p < 0.01, 
and p < 0.001, respectively
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medium lowered the proliferation rates of MDA-MB-231 
and MCF-7 BC cells (Fig.  3B). Interestingly, glucose 
deprivation and ketone body supplementation led to 
an increase in the proliferation rate of non-cancerous 
MCF-10A cells, which may explain their chemosensi-
tization (since DOX primarily acts during cell division). 
Thus, we suggest that the enhanced glycolytic phenotype 
in MCF-10A cells in response to ketomimetic medium 
translated into enhanced proliferative abilities, rendering 
them more susceptible to the antineoplastic agent DOX. 
On the other hand, BC cells that showed decreased pro-
liferation in ketomimetic medium might be employing 
it as a mechanism to escape the antineoplastic effects of 
DOX, rendering decreased cytotoxicity. If indeed the BC 
cells fed with ketone body-rich media use reduced pro-
liferation as a mechanism of chemoprotection, despite 
consuming the same amount of glucose, this raises the 
following question: what is the consumed glucose being 
used for, if not for proliferation in the BC cells?

This is especially interesting as the BC cells are con-
suming the same amount of glucose even after reduc-
ing the available amounts of glucose in the media and 
after ketone body supplementation in the LG media. 
The answer to this question lies, at least partially, in the 
sialylation data. It appears that one main sink where the 
incoming glycolytic flux was channeled, was the sialic 
acid biosynthesis pathway [43]. Since the same amount 
of glucose was being consumed by the cancer cells in 
HG, LG and HBLG conditions, we tried to coalesce two 
observations of slowed proliferation and enhanced sia-
lylation of BC cells in LG and HBLG conditions, relative 
to the HG condition. As such, we inferred that the glu-
cose being taken up by the cancer cells was being shuttled 
to sialic acid via the hexosamine biosynthetic pathway 
(HBP) instead of being used for proliferation (via ATP 
production). HBP is responsible for shunting of a major-
ity of fructose-6-phosphate (F-6-P) formed from glucose 
to the N- and O-glycosylation pathways, including sialic 
acid synthesis and membrane decoration [44].

Since the proliferative abilities of the BC cells are 
inversely affected by the presence of ketone bodies, we 
wondered if BC cells showed differences in migration. A 
difference in migration in BC cells with ketogenic media is 
further suggested since sialylation is increased, which has 
also been linked to metastasis [25]. A transwell migration 
assay demonstrated that MDA-MB-231 subjected to LG 
and HBLG media had increased migratory ability com-
pared to those cells in the standard, HG media (Fig. 3C). 
The increased migratory ability of these cells suggests 
enhanced metastatic potential. Due to inherently poor 
migratory tendencies of MCF-7 and MCF-10A cell lines 
[45, 46], these cells showed undetectable chemotactic 
migration across the membrane of the transwell inserts.

Transcriptomic analysis confirms the mechanism 
of differential responses of cancer vs. non‑cancer cells
The opposite response of non-cancerous and BC cells to 
the same alteration in nutrient medium could be attrib-
uted to the lipid-processing machinery of cancer cells. 
Normal cells have a tightly regulated machinery for syn-
thesis of the fatty acid and cholesterol, which becomes 
dysregulated only upon oncogenic transformation [13]. 
Another metabolic switch that happens as a result of 
nutrient sensing by cancer cells is activation of the HBP, 
which involves the conversion of F-6-P to UDP-GlcNAc 
and further sialylation [47, 48]. We used rt-qPCR to con-
firm that the mechanistic drivers of these pathways were 
differentially expressed in in malignant and non-malig-
nant MECs. We probed the expression levels of select 
crucial enzymes involved in HBP and sialylation. Com-
parison of the fold changes relative to the control, MCF-
10A cells, are shown in Supplementary Figure S11. Our 
results show that indeed the expression of GFPT1 (also 
called GFAT), the rate-limiting enzyme of HBP, is several 
folds higher in BC cells, MCF-7 and MDA-MB-231, com-
pared to that in MCF-10A cells. Similarly, the expression 
of GNE, the enzyme that feeds UDP-GlcNAc to the sialic 
acid biosynthesis [5] is significantly higher in the BC cells 
than the non-cancerous, MCF-10A cells. Importantly, the 
prominent sialyl transferase ST6GAL1 showed a signifi-
cantly higher expression in BC cells as compared to nor-
mal cells. The rt-qPCR data confirmed that BC cells were 
able to use the HBP pathway, which is a “salvage path-
way” upregulated in cancer cells specifically. The MCF 
10A cells lack this salvage machinery and hence the glyc-
olytic flux going into sialic acid via HBP is very limited in 
these cells. As a result, the lowering in sialylation in going 
from HG to LG and HBLG is due to: (a) lower amounts 
of glucose being consumed in LG and HBLG relative to 
HG (Fig.  3A, MCF 10A panel), and (b) The majority of 
the glucose consumed is used to enhance cellular prolif-
eration in HBLG (Fig. 3B, MCF 10A panel). The BC cells 
also display a higher FASN expression level than the non-
cancerous cells indicative of a higher propensity to syn-
thesize fatty acids. Thus, it appears that hypersialylation 
and lipid synthesis together contribute to the response of 
BC cells to ketone body-rich nutrient medium.

In line with literature [49, 50], MDA-MB-231 cells 
showed the highest levels of the stemness marker, CD44 
among the three cell lines indicating its highest invasive 
potential (Supplementary Figure S12A). An assessment 
of CD44 mRNA levels  across nutritionary interventions 
indicated that while there was some enhancement in its 
expression levels in MCF-7 cell line in HBLG compared 
to HG conditions (Supplementary Figure S12B), these 
changes were apparently not prominent enough to mani-
fest into migration. Since the  literature evidence links 
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enhanced sialylation to improved migratory ability [25, 
51], the enhanced migratory ability of MDA-MB-231 
cells can be explained to occur due to the increased cell 
surface sialylation under HBLG conditions.

Increased sialylation at the glycocalyx directly blocks DOX 
internalization
We wondered that:  apart from slowed proliferation and 
enhanced migration, what are the additional ways by 
which membrane sialylation could contribute to chem-
oresistance? We hypothesized that additional sialylation 
of the glycocalyx in BC cells in response to ketomimetic 
nutrients would trap or sequester DOX to inhibit uptake. 
Sialic acids are negatively charged, and DOX is positively 
charged, so such an effect is plausible. It is possible that 
the hypersialylated and extensively branched glycocalyx 
brush can electrostatically trap DOX and inhibit its cel-
lular internalization. We measured cellular internaliza-
tion using fluorescence microscopy of DOX uptake before 
and after sialidase treatment (to remove sialic acids from 
the glycocalyx). We first confirmed that sialidase treat-
ment removed sialic acids as expected (Supplementary 
Figure S13). Next, we quantified the fold-change in DOX 
fluorescence per cell for each of the nutrient conditions in 
MCF-7 and MDA-MB-231 cells. As can be seen in Fig. 4A, 

B, removal of sialic acids from the glycocalyx using siali-
dase treatment significantly improved DOX uptake in 
the cells. This observation confirmed our hypothesis and 
showed for the first time how hypersialylation of the gly-
cocalyx directly obstructs the cellular internalization of 
DOX. Data for an experiment performed where sialic acid 
was labeled in the same cells as Dox (for confirmation of 
sialidase action) is shown in the supplementary informa-
tion (Supplementary Figure S14).

Nutrient alteration to ketone bodies drastically shifts 
metabolomic profiles of BC cells
Due to the involvement of lipid metabolism in chem-
oresistance, we next explored the effect of ketomimetic 
medium on lipid synthesis and accumulation in the BC 
cells. As can be seen in Fig.  4C and D, BODIPY 505 
staining showed a drastic increase in lipid droplet (LD) 
accumulation in the BC cells when the nutrient medium 
was shifted from HG to HBLG compositions. Since the 
LG medium did not induce LD formation or accumula-
tion compared the HG media, we surmise that ketone 
bodies in HBLG media feed the MVA and fatty acid 
synthesis pathways. The non-cancerous cell line, MCF-
10A, showed minimal accumulation of LDs in response 
to ketone body uptake (Supplementary Figure S15), 

Fig. 4 Sialylation and lipid accumulation in ketomimetic media contribute to DOX chemoprotection. A Confocal fluorescence imaging 
of MDA-MB-231 cells obtained after DOX internalization with and without sialidase treatment in the respective nutrient media: high glucose (HG), 
low glucose (LG) and HBLG (hydroxybutyrate containing low glucose). Red: DOX; scale bar: 100 µm. B Confocal fluorescence imaging of MCF-7 
cells obtained after DOX internalization with and without sialidase treatment in the respective nutrient media. Red: DOX; scale bar: 100 µm. C, D 
Representative confocal microscopy images of MDA-MB-231 (C) and MCF-7 (D) cells obtained using BODIPY staining for detection of lipid droplets 
in the respective nutrient media. DRAQ5 was used as a nuclear counterstain. Green: BODIPY 505, Blue: DRAQ5; scale bar: 100 µm. Fluorescence 
quantification is shown on the right side of each panel. All images were collected at identical conditions and are displayed with the same LUT. 
The DOX or BODIPY signal per cell was quantified as  IDOX-Iblank/cell # or  IBodipy-Iblank/cell #, respectively and fold changes were computed relative 
to no sialidase and HG as controls, respectively. For each cell type, images from at least three separate experiments (N = 3) were used with 10–15 
different FOVs collected for each experiment. For all graphs, symbols represent means and error bars denote SEM. Statistical analysis for significance 
was performed using a two-tailed unpaired t-test in GraphPad Prism where **, *** indicate p < 0.01, and p < 0.001, respectively
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suggesting the participation of specialized oncogenic 
pathways in the processing and storage of ketone bod-
ies in BC cells.

 Thus, we propose that in a ketone body-rich medium, 
the cells employ dual mechanisms for drug resistance: 
sialylation and LD accumulation. Since the most signifi-
cant changes in sialylation, migration, and therapeutic 
resistance were observed in MDA-MB-231 cells, we fur-
ther investigated their molecular metabolic fingerprint 
using MALDI mass spectrometry imaging (MALDI-
MSI). MALDI-MSI of MDA-MB-231 cells cultured in 
HG, LG or HBLG media was performed to find metabo-
lomic information. An unsupervised separation of the 
data using principal component analysis (PCA) is shown 
in Fig.  5A. We find that the HG population displays a 

clearly distinct metabolic profile compared to the LG and 
HBLG groups. To perform an enrichment analysis, we 
arranged the metabolites in increasing order of loading 
on principal component 1 and found that the HG popula-
tion was enriched in sugar-based metabolites, e.g., sorbi-
tol, mannitol, cellobiose and others (Fig. 5B). The LG and 
HBLG populations, on the other hand, were enriched in 
UDP-GlcNAc and lipids (cholesterol, stearic acid, oleic 
acid, and many long chain fatty acids)—fully consistent 
with our other results (Fig. 4C, D). A dendrogram-based 
heatmap of all identified metabolites in negative-ion 
mode MS is shown in Supplementary Figure S16 and 
the relative abundance of key metabolites of interest are 
displayed as a dendrogram-based heatmap in Fig.  5C. 
The relative distributions of each of these metabolites 

Fig. 5 MALDI-MSI based metabolomic profiling of MDA-MB-231 cells in the different nutrient media: HG, LG and HBLG. A Principal Component 
Analysis of MALDI-MSI metabolomic data. B Metabolites were arranged in increasing order of loading in PC1, to obtain a metabolite-enrichment 
based separation. On the color scale bar, L and H denote lowest and highest values respectively, of a particular metabolite across the three different 
nutrient media. C Relative abundance of certain key metabolites displayed as a dendrogram-based heatmap
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with statistical analysis are shown in Supplementary Fig-
ures  S17-S28. Overall, the MALDI-MSI based metabo-
lomic analysis is reflective of the vast alteration in the 
metabolic signature of the BC cells upon nutrient altera-
tion, which in turn results in phenotypic alterations that 
lead to enhanced chemoresponse.

We attempted to derive a molecular understanding of 
the cellular response to ketomimetic diet. Our obser-
vations of sialylation, glycolysis, and proliferation are 
consistent with the hypothesis that increased glycolysis 
feeds hypersialylation in a ketomimetic medium, which 
can be rationalized to occur via the HBP salvage path-
way. The rt-qPCR data reflected that the HBP and con-
sequent sialic acid biosynthesis pathways are strongly 
activated in BC cells.

 It is known that UDP-GlcNAc, the product of HBP, is 
the precursor of most cancer-promoting glycans, includ-
ing the hypersialylated ones, and MALDI-MSI pointed 
to the higher abundance of UDP-GlcNAc in BC cells cul-
tured in ketomimetic medium relative to normal (HG) 
medium. Because the ketomimetic medium creates a 
combination of elevated ketone bodies and lowered glu-
cose levels, additional UDP-GlcNAc formation may be 
fueled via shunting of F-6-P from elevated glycolysis, 

along with increased Acetyl CoA production from ketone 
bodies. Together these intermediates can promote con-
version of Glucosamine-6-P to GlcNAc-6-P and eventu-
ally formation of UDP-GlcNAc.

We postulate that in BC cells, the ketomimetic media 
feeds (a) the sialylation pathway via deregulated HBP and 
(b) the fatty acid synthesis and MVA/cholesterol synthe-
sis pathways, leading to fat storage in LD’s. Functionally, 
these pathways synergistically promote (i) migratory pro-
pensity via sialic acid-driven extracellular cues, and (ii) 
DOX resistance by not only lowering the amount of drug 
entering the cells but also by promoting de-novo lipo-
genesis, which is known to confer chemoprotective effect 
[11, 12] from the drug that has entered the cells. Hence, 
we suggest that the cross-over of lipid synthesis and gly-
can synthesis pathways leads to elevated sialylation, lipid 
accumulation and an invasiveness phenotype in BC cells 
in response to ketomimetic media (Fig. 6).

Materials and methods
Cell culture
Breast cancer cell lines MCF-7 and MDA-MB-231 along 
with mammary epithelial cells, MCF-10A were procured 
from ATCC and passage numbers P8-P20 were used for 

Fig. 6 Schematic representation of proposed mechanism highlighting metabolic pathways participating in chemoresistance and invasion 
in response to ketomimetic nutrient medium. Bold blue arrows indicate the increased turn-over of the specific metabolic pathways. Thin black 
arrows represent basal-level reaction activity
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all the experiments. All cells were passaged according to 
standard ATCC recommended protocols and grown in an 
incubator that was maintained at 37°C, 5%  CO2 and 99% 
humidity. A low-glucose variant of each cell line was gen-
erated by passaging an inoculum of the P7 in low-glucose 
medium and then maintaining in that medium through 
the subsequent passages. For cells seeded in HBLG for 
an experiment, a seeding inoculum from the low glucose 
cells was seeded in 3 mM hydroxybutyrate containing 
low-glucose media (LG) for the requisite period of the 
experiment. Table 1 describes the detailed compositions 
of the culture media.

For the experiment with broader range of glucose con-
centrations in MCF-10A, 0.9 g/L glucose containing 
medium was prepared by mixing “No glucose DMEM” 
with Ham’s F12 (1:1) and supplemented with heat-inac-
tivated equine serum (5%), Penicillin–Streptomycin mix-
ture (1%), hydrocortisone (0.5 µg/mL), EGF (0.2 µg/mL) 
and cholera toxin (0.1 µg/mL).

Bioorthogonal imaging of sialic acids
For metabolic labeling and biorthogonal imaging, cells 
were seeded in an 8-well chamber slide at a density of 
2.5  X104 cells/well. 100 µM of  Ac4ManNAz was added in 
the respective media (HG, LG and HBLG) and incubated 
for 72 h with the cells. At the end of 72 h, CellBrite® 
Steady Membrane Labeling Kit (Biotium, 30,108) was 
used for staining the cell membranes using the manu-
facturer’s protocol. The media was then removed, and all 
the wells were washed twice with PBS, following which 
a 1 µM dilution of Click-IT DIBO-AF488 (Thermo Sci-
entific) in 1% FBS containing PBS was added and incu-
bated with the cells for 1 h at room temperature. Cells 
were then washed twice with PBS and maintained in 1% 
FBS containing PBS for the duration of imaging. Images 
were acquired with an Olympus FV3000 confocal micro-
scope using UPlanSApo 20x/0.75NA Olympus objective 
(AF488 ex/em: ~ 490/525 nm; CellBrite Steady 650 ex/
em ~ 656/676). Each media condition was assayed in two 
technical replicates and 8–10 fields of view (FOVs) per 
well were collected at the time of imaging. In one well, 

no DIFO-AF488 was added and was used for background 
subtraction. No  Ac4ManNAz controls were also tested 
in initial experiments to confirm specificity of click reac-
tion. Image analysis was performed using a customized 
pipeline in Cell Profiler that used the images in the mem-
brane stain channel to generate a binary and (a) calculate 
the total perimeter of cell membrane in the FOV, and (b) 
create a mask on the images from the AF488 channel 
which was then used to compute total intensity of click 
reacted-azidosialic acids on the cell membranes in that 
FOV. Intensity/length of perimeter was then computed 
for each condition and plotted relative to the high-glu-
cose condition using GraphPad Prism.

LDH cytotoxicity assay
For determination of drug response, cells were seeded in 
the respective media (HG, LG and HBLG) in the wells of 
a 96-well plate at a density of 1 X  104 cells/well. After 24 
h, 1 µM solution of DOX (in the respective media) was 
added to one set of wells and incubated for another 48 h. 
Control wells received the respective basal media, without 
DOX. CyQUANT™ LDH Cytotoxicity Assay, fluorescence 
(Thermo Scientific C20302) was then performed using the 
manufacturer’s protocol and measurements were conducted 
on a Cytation 5 (BioTek) plate reader. The extent of cytotox-
icity was computed relative to the untreated controls and 
values were then normalized against the high glucose condi-
tion for comparison, when plotted using GraphPad Prism.

Fluorescence Lifetime Imaging Microscopy (FLIM)
Cells were seeded at a density of 2.5 X  105 cells/well in 
250 µL of the respective media (HG, LG and HBLG) on 
the surface of one well of three separate 8-well cham-
ber glass slides (one slide/sample). After three days, 
the media was replenished with 250 µL of phenol red 
free media of the same composition as before and set 
on the heated stage (maintained at 37 °C) of the FLIM 
microscope to begin imaging. After taking the images 
for t = 0 for 3 fields of view, 5 µL of DOX solution (50 
µM) was added to the well and gently mixed to min-
imize disturbance to the layer of cells. Images of the 

Table 1 Media compositions used for culturing each cell line prior to seeding for an experiment

MCF‑10A MCF‑7 and MDA‑MB‑231

High glucose media (HG) DMEM/F12 (3.15 g/L glucose) supplemented with heat-inac-
tivated equine serum (5%), Penicillin–Streptomycin mixture 
(1%), insulin (0.01 mg/mL), hydrocortisone (o.5 µg/mL), EGF 
(0.2 µg/mL) and cholera toxin (0.1 µg/mL)

High-glucose (4.5 g/L) DMEM supplemented 
with heat-inactivated fetal bovine serum (10%), 
Penicillin–Streptomycin mixture (1%), and insu-
lin (0.01 mg/mL)

Low glucose media (LG) Low-glucose (1g/L) DMEM mixed with Ham’s F12 (1:1) 
and supplemented with heat-inactivated equine serum (5%), 
Penicillin–Streptomycin mixture (1%), hydrocortisone (0.5 µg/
mL), EGF (0.2 µg/mL) and cholera toxin (0.1 µg/mL)

Low-glucose (1g/L) DMEM supplemented 
with heat-inactivated fetal bovine serum (10%), 
and Penicillin–Streptomycin mixture (1%)
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same three fields of view were then captured every 
15 min for a total of 60 min from the time of starting. 
The fluorescence lifetime images were obtained from 
the FLIM system (Alba v5, ISS) which was equipped 
with the Nikon inverted microscope with 60x, NA 1.1 
water objective (NALUMFLN60XW, Olympus) and 
the 405 nm diode laser. The laser line passed a multi-
band dichroic mirror to excite the samples. The fluo-
rescence emission light traveled back along the same 
path to the multi-band dichroic mirror, and finally 
went into the avalanche photodiode detector (SPCM-
AQR-15, Perkin Elmer) with 200 nm pinhole and cor-
responding bandpass filter (445/40nm, Semrock) for 
NADH measurement. The current setup was also 
equipped with an ASI XY automatic stage with motor-
ized Z control. The software (VistaVision) we use can 
record the position of different FOV. This allows us 
to trace back the same cells after the DOX was added. 
The photon counts were acquired with the FastFLIM 
unit to build up the phase histogram. To calibrate the 
FLIM system, we used a fluorescence lifetime stand-
ard, Atto 425, with a reference lifetime of 3.6 ns, before 
imaging samples in this experiment. The laser repeti-
tion period was 50 ns, and it was divided into 256 bins. 
FLIM images were scanned 5 times with dwell time of 
0.2 ms/pixel. The data were collected by the confocal 
scanning system from a 256 × 256-pixel area (100 × 100 
μm field of view) before and after DOX treatment.

FLIM data analysis
The FLIM data was analyzed in digital frequency-domain 
(DFD) by taking the Fourier transform of the fluores-
cence decay histogram. In other words, the fluorescence 
decay histogram of each pixel was presented as a single 
point in the phasor plot under corresponding modulation 
frequency condition. The modulation ratio and phase 
shift were then extracted from the point in the phasor 
plot. With the modulation ratio and phase shift data over 
multiple modulation frequencies, they were fitted to the 
fluorescence decay model to obtain the fluorescence life-
time of interest. The fluorescence lifetime standards fit 
to the one-component decay model during the calibra-
tion stage. In living (cancer) cells, we expect there are 
two populations contributing to the fluorescence decay 
measurements at each pixel: free and protein-bound 
NADH. Fixing the 0.3 ns as one lifetime component for 
free NADH (τ1), we analyzed the fluorescence lifetime 
measurements (m(t)) in cancer cells with bi-exponential 
decay model,

m(t) = IRF ⊗ α1e
−t
τ1 + α2e

−t
τ2

where α1 is fraction amplitude of free NADH, α2 and τ2 
are fraction amplitude and fluorescence lifetime of pro-
tein-bound NADH, respectively, and IRF can be obtained 
from the experiment. By definition, we then deter-
mined the NADH metabolic index by the ratio of free to 
protein-bound NADH,

Glucose consumption assay
Cells were seeded in a 6-well plate at a density of 1 X  105 
cells/well in 2 mL of the respective media (HG, LG and 
HBLG). In parallel, 2 mL of the same media was added 
to another set of wells (without cells) for control and the 
plate was incubated at 37 °C, 5%  CO2 and 99% humid-
ity for 4 days. After this, the supernatant media was col-
lected from the wells and spun at 3000 rpm for 5 min at 
4 °C to remove any cells/cell debris. The clarified media 
was used for assessment of glucose concentration using 
Glucose Colorimetric Assay Kit from Cayman Chemi-
cals (Item No. 10009582). Glucose standards provided 
by the manufacturer were used for obtaining calibration 
curve and sample supernatants were used at 1:40 dilu-
tion in the assay buffer (1:80 for high glucose media). The 
amount of glucose consumed by the cells was obtained by 
subtracting the values of glucose concentration in media 
incubated in the wells without cells from those that were 
incubated with cells. All measurements were conducted 
on a Cytation 5 plate reader (Biotek) following manufac-
turer’s protocol. The total amounts of glucose consumed 
in each nutrient condition were plotted using GraphPad 
Prism.

Cellular proliferation measurement
In a 48-well plate, cells were seeded at a density of 2 X 
 103 cells/well in 500 µL medium, with duplicates for each 
day and nutrient condition (HG, LG and HBLG). On the 
fourth day following seeding (day zero), cells were trypsi-
nized from the respective wells and counted using Coun-
tess after Erythromycin B staining every 24 h. Media 
in the wells was replaced every three days for the cells 
maintained for longer durations. Also, depending on cell-
type, cells were transferred to 24/12-well/6-well plates as 
and when confluency reached 80%. Each counting was 
repeated twice, and total average cell counts were plotted 
against day points using GraphPad Prism to obtain pro-
liferation curves.

Cellular migration assessment
Corning transwell inserts (Sigma, CLS3422) were used 
for assessment of cellular migratory aptitudes. Initially, 
cells were seeded in a 6-well plate at a density of 1 X  105 
cells/well in 2 mL of the respective nutrient media (HG, 

metabolic index = α1/α2
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LG and HBLG). After three days, the media was replaced 
with 1 mL of 0.5% FBS containing media of the same kind 
(only FBS amount was altered). After a 24 h incubation 
period, cells were trypsinized and seeded onto transwell 
inserts (in 250 µL of 0.5% FBS containing media) at a den-
sity of 1.5 X  103 cells/well. The transwell inserts were gen-
tly placed in the wells of a 24-well plate that were filled 
with 500 µL of 20% FBS containing media of the same 
kind (HG, LG or HBLG) to provide chemotactic stimu-
lus. After 24 h, the transwell inserts were recovered care-
fully, the upper surface was wiped with wet cotton swabs 
and gently washed with PBS. This was followed by fixa-
tion using ethanol, more PBS washes of the upper surface 
and staining the cells on the lower surface using crystal 
violet (0.2%). The rear (lower) sides of the inserts were 
imaged under bright field using UPlanSApo 20x/0.75NA 
Olympus objective and color CMOS camera (Thorlabs, 
CS165CU) on a home-built microscope (Thorlabs EDU 
OMC1). The percentage of total area occupied by cells 
was computed using ImageJ taking at least 10 FOVs per 
transwell in an experiment. For statistical stringency, the 
whole experiment was repeated twice, and values pooled 
to obtain the final graph.

Real‑time quantitative PCR for gene expression analysis
Different cell types grown in their basal media (HG) were 
harvested and seeded in 100 mm culture dishes at a den-
sity of 5 X  105 cells/dish. When cells reached ~ 70% con-
fluence, they were washed with PBS quickly, scraped off 
using 1  mL of RNA lysis buffer (part of RNA prep kit) 
and frozen at −80 ℃. After at least 30 min-1 h, the lysates 
were thawed on ice and RNA was extracted using Quick-
RNA Miniprep Kit (Zymo Research). RNA concentra-
tion was measured using nanodrop and then 1 µg of total 
RNA from each sample was taken for cDNA synthesis 
using High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems). cDNA was diluted 1:10 and used 
for qPCR reactions employing Luna® Universal qPCR 
Master Mix (New England Biolabs). For all genes, 1 µL 
of the cDNA dilution was used per 20 µL reaction and 
for FASN, 2 µL of the cDNA dilution was used (due to 
low copy number and undetectable Ct values when using 
1 µL). Ct values were computed by the instrument and 
used for calculation of ΔΔCt using ACTB (Beta-actin) 
as a housekeeping control. The table of primers used in 
the study is included in Table S1. Experiments were per-
formed with three independent biological replicates each 
having at least two (or more) technical replicates.

Cellular internalization of DOX
DOX fluorescence was used to assess the amount of drug 
that has internalized in the cells in response to removal of 
sialic acid residues from the glycocalyx. Since the action 

of sialidase enzyme occurs in slightly acidic pH, close to 
that of RPMI, cells used for this experiment were sepa-
rately grown in media formulations where RPMI was 
used in place of DMEM (HG, LG and HBLG). No glucose 
RPMI was purchased from Thermo Scientific (catalog no. 
11879020) and used to prepare the high and low glucose 
containing media to resemble the low (1g/L) and high 
glucose (4.5 g/L) DMEM. Three days before the experi-
ment, 2 X  104 cells/well were seeded in an 8-well cham-
ber slide in 250 µL media/well. Two days later, media in 
half of the wells was replaced with serum free media of 
the same kind (HG, LG, or HBLG RPMI) containing siali-
dase enzyme (Millipore Sigma 10,269,611,001) at a dilu-
tion of 1: 100 and incubated overnight at 37 °C, 5% CO2. 
The control wells of each media kind did not receive the 
enzyme. The cells were then treated with a 1 µM dose of 
DOX for 1 h after which they were washed and stained 
with DRAQ5 for nuclear counterstain. Imaging was 
performed with an Olympus FV3000 confocal micro-
scope using UPlanSApo 20x/0.75NA Olympus objec-
tive. Images of at least 10 FOV’s were acquired per well. 
One well did not receive DOX treatment and was used 
for background subtraction for DOX fluorescence inten-
sity  (Iblank). Image analysis was performed using custom-
ized pipeline in Cell Profiler where images of the DRAQ5 
channel were used for counting the number of cells in 
each FOV and DOX fluorescence intensity (after back-
ground subtraction) was divided by number of cells for 
the respective FOV. The formula for each FOV thus reads 
as:

Fold change in internalized DOX was calculated rela-
tive to cells in the corresponding nutrient condition 
without sialidase and plotted using GraphPad Prism. 
For confirmation of cleavage of sialic acids in the cells, 
bioorthogonally click-labeled sialic acid channel was also 
imaged in a few of the repeat runs using 100 µM Man-
NAz in the media and 5 µM of DIBO-AF 647 at the time 
of click reaction. For these set of experiments, DAPI was 
used as a nuclear counterstain and imaging was per-
formed in a Nikon CSU-W1 Spinning Disk Confocal Sys-
tem using Nikon Plan Apo λ 20x/0.75 objective.

Assessment of lipid droplet accumulation
BODIPY staining was used for imaging of lipid drop-
lets inside the cells. On day zero, cells were seeded in an 
8-well chamber slide at a density of 2.5 X  104 cells/well in 
250 µL of the respective media (HG, LG and HBLG). On 
day 3, the media was aspirated, cells were washed twice 
with PBS and incubated with 2 µM BODIPY along with 
5 µM DRAQ5 at room temperature for 15 min. Follow-
ing two washes with PBS again, the cells were imaged 

DOX F .I . per cell = (IDOX − Iblank)/(no.of cells)
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under Olympus FV3000 confocal microscope with a 
UPlanSApo 20x/0.75NA Olympus objective at 2X digi-
tal zoom (BODIPY ex/em: ~ 505/515 nm; DRAQ5 ex/
em ~ 633/695 nm) taking at least 10–15 FOV’s per con-
dition. One well did not receive BODIPY, and its avg. 
intensity used for background subtraction  (Iblank). Image 
analysis was performed using a customized pipeline in 
Cell Profiler where images taken in the DRAQ5 channel 
were used for counting the number of cells in each FOV 
and BODIPY fluorescence intensity (after background 
subtraction) was divided by number of cells for the 
respective FOV. The formula for each FOV thus reads as:

Fold change in BODIPY F.I. per cell was calculated 
relative to cells grown in HG medium and plotted using 
GraphPad Prism.

MALDI‑Mass spectrometry imaging
For identification of metabolomic profiles of cells 
fed on different nutrient media, MALDI based mass 
spectrometric imaging was performed. First, an equal 
number of cells were seeded on 100 mm dishes in the 
respective nutrient media (HG, LG and HBLG) and 
grown for three days at 37 °C, 5%  CO2. On day 3, nearly 
1 million cells from each dish were collected by centrif-
ugation at 120 g for 7 min. The cells were then washed 
twice with 150  mM of ammonium acetate buffer and 
cell pellets (with negligible liquid on them) were fro-
zen in −80 °C. At the time of imaging, cell pellets were 
sectioned at 12 μm thickness and sections were coated 
with 7  mg/mL N-(1-naphthyl) ethylenediamine dihy-
drochloride in 70% methanol over 8 passes using an 
HTX M5 Robotic Reagent Sprayer (HTX Technologies, 
Chapel Hill, NC). Spray conditions were as follows: a 
nozzle temperature of 75°C, a nozzle height of 40 mm, a 
track speed of 1200 mm/min, a track spacing of 2 mm, 
a flow rate of 0.12 mL/min, and a nitrogen pressure of 
10 psi. Sections were imaged at 50  μm resolution in 
negative ion mode using a Bruker timsTOF fleX QTOf 
mass spectrometer (Bruker Daltonics, Billerica, MA). 
Instrument acquisition parameters were as follow: m/z 
range 50–1000, 500 shots per pixel, a Funnel 1 RF of 
125.0 Vpp, a Funnel 2 RF of 150.0 Vpp, a Multipole RF 
of 175.0, a Collision Energy of 5.0 eV, a Collision RF of 
500.0 Vpp, a Transfer Time of 65.0 μs, and a Pre Pulse 
Storage of 4.0 μs. Matrix was removed after imaging 
and sections were stained with H&E for visualization 
of the cells. MS spectra were compiled into a single 
image file with each peak from the average spectrum 
being displayed as a function of its spatial position 
and relative intensity across the section. Images were 

BODIPY F .I . per cell = (IBODIPY − Iblank)/(no.of cells)

visualized using SCiLS Lab Pro 2024b and putative IDs 
were generated using MetaboScape followed by manual 
search for missing ID’s using Metaspace2020. Normal-
ized root mean square intensities were then compared 
across all conditions by performing a pixel-wise Princi-
pal Component Analysis using the SCiLS Lab software. 
Heat maps for the enrichment analysis were obtained 
using Heatmapper.com [52]. For cholesterol assesment, 
another set of sections from the same set of samples 
were imaged at 50 μm resolution in positive ion mode.

Statistical analyses
All methods and software used for statistical analysis 
have been mentioned in the respective figure legends 
and method details for each experiment. The follow-
ing details have been included in the figure legends: the 
statistical tests used, exact value of n (technical repli-
cates), exact value of N (biological replicates), defini-
tion of symbols, error bars and precision measures 
(i.e. mean, median, SD, and SEM as the case may be). 
Significance was defined using the respective p values 
as follows: ns = p > 0.05, * = p < 0.05, ** = p < 0.01, and 
*** = p < 0.001. For imaging experiments, the no. of 
fields of view per condition have also been elucidated in 
the respective section of method details.

Conclusion
We report a mechanistic investigation of the impact of 
ketone bodies as altered nutrient sources on BC cells. 
The degree of glycocalyx sialylation, as measured using 
bioorthogonal click-chemistry, increased significantly 
in an LG and ketone body-supplemented LG medium. 
This increase was accompanied by a chemoprotective 
effect in these cells. Surprisingly, we observed an increase 
in drug-induced cytotoxicity in the case of non-can-
cerous mammary epithelial cells and significantly low-
ered sialylation levels as the media glucose was lowered 
and ketone bodies in the form of hydroxybutyrate (HB) 
were added. The differential pattern of glycocalyx engi-
neering by ketone bodies in cancer vs. normal cells was 
traced to its biochemical roots, i.e., the upregulation of 
HBP and lipid accumulation. FLIM measurements indi-
cated that ketone bodies promote a preference for glyco-
lytic metabolic signature. While DOX tends to induce an 
initial preference for glycolysis in invasive breast cancer 
cells, a ketomimetic nutrient medium suppresses any 
further DOX-induced enhancement of glycolysis, cor-
relating with an observed protective mechanism against 
the chemotherapeutic. Slower proliferation rates were 
observed for the ketomimetic medium, suggesting a 
mechanism that BC cells use to escape the antineoplas-
tic effects of a drug like DOX. We find that the glucose 
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taken up by BC cells in a ketogenic medium (via height-
ened glycolysis) is shunted to the sialic acid biosynthesis 
that is further supported by production of UDP-GlcNAc 
from the additional Acetyl CoA parallelly produced from 
ketone bodies. Chemotaxis studies revealed that ketone 
bodies promote migratory aptitude of BC cells and in 
turn enhance their metastatic potential—coincident with 
enhancement in sialylation.

Measurement of cellular internalization of DOX 
revealed that the relative changes scale analogous to the 
toxicity trends across the nutrient media in MCF-10A 
cells. In the case of the hypersialylated BC cells, remov-
ing sialic acids enzymatically showed an increased DOX 
uptake, pointing to the ability of sialic acid residues to 
“capture the DOX at the cell surface”, possibly via elec-
trostatic interaction. Taken together, our observations 
suggest that in a ketomimetic nutrient medium, BC cells 
utilize a dual machinery of sialylation and lipid accumu-
lation to enhance their chemoresistance and invasive 
potential. The aberrantly sialylated, hyperbranched gly-
cocalyx is expected to promote metastasis by facilitating 
cellular migration and immune evasion. In parallel, ROS 
quenching arising out of fatty acid synthesis/metabo-
lism coupled possibly with cholesterol build-up from 
MVA pathway together protect the tumor cells against 
a chemotherapeutic attack. Since the normal cells lack 
this machinery, they are not able to utilize ketone bodies 
as nutrients and die of lipotoxicity. Therefore, our data 
suggests that a ketogenic diet is not safe for BC patients 
undergoing chemotherapy, and can in fact lead to more 
metastatic lesions. Additionally, a ketogenic diet is 
expected to make cancer cells more invasive and drug-
resistant while increasing the propensity of healthy cells 
in the body to be damaged by a chemotherapeutic agent 
being administered. Studies like ours, that focus on the 
crosstalk of metabolic and pro-oncogenic pathways 
offer an avenue to better understand effects of dietary 
interventions and can help formulate informed dietary 
regimens for patients.

Abbreviations
BC  Breast cancer
HG  High glucose medium
LG  Low glucose medium
HBLG  Hydroxybutyrate (3mM) containing low glucose medium
DOX  Doxorubicin
ROS  Reactive Oxygen Species
EMT  Epithelial to mesenchymal transition
DIBO  Dibenzocyclooctyne
LDH  Lactate dehydrogenase
FLIM  Fluorescence Lifetime Imaging Microscopy
FOV  Field of view
AF  Alexa Flour
BODIPY  Boron-Dipyrromethene
DRAQ5  Deep Red Anthraquinone 5
MALDI  Matrix Assisted Laser Desorption/Ionization
NADH  Nicotinamide adenine dinucleotide phosphate

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40170- 025- 00385-3.

Supplementary Material 1. Figures S1–S28 and Table S1: This document 
includes additional images and supporting data analysis, and data from 
control studies for some experiments along with the table of primers used 
for rt-qPCR. For any raw data/image analysis pipelines, please contact the 
corresponding author, all data is available upon request.

Acknowledgements
We are grateful to the Mass Spectrometry Imaging Facility at UT Austin funded 
by Cancer Prevention and Research Institute of Texas (CPRIT) RP190617 
award. We sincerely thank Christian M. Jennings for helping with the setup 
of Thorlabs EDU-OMC1 microscopy kit and Thomas E. Yankeelov for allowing 
access to the BioTek Cytation 5 instrument that was purchased with a CPRIT 
RR160005 award. We also thank the Center for Biomedical Research Support 
Microscopy and Imaging Facility at UT Austin (RRID:SCR_021756) where the 
spinning disk confocal microscopy was performed. Artwork used for generat-
ing the schematic in Figure 6 was prepared using resources from ChemBio-
Draw 22.2.0 and Biorender.com.

Authors’ contributions
M.K. and S.H.P. conceived the idea. M.K. designed the experiments, per-
formed most of the experiments and wrote the initial manuscript draft. Y-I.C. 
performed the FLIM imaging, post-processing and image analysis while also 
contributing to manuscript writing and data interpretation along with H-C.Y. 
P.D. assisted M.K. in cell culture. E.H.S. performed the MALDI-MSI studies at the 
Mass Spectrometry Imaging Facility, UT Austin. S.K.S., A.B., and S.H.P. supervised 
the study and procured resources. M.K. and S.H.P. wrote the manuscript with 
input and comments from all authors.

Funding
We thank Parekh laboratory for support in this work. S.H.P. acknowledges 
support from the Welch Foundation (F-2008–20220331), Texas 4000 fund-
ing, and support from the National Cancer Institute (NCI), National Insti-
tutes of Health (NIH), under Contract No.75N91019D00024, Task Order No. 
75N91020F00003 and U01CA253540-04S2. P.C.D. was supported by the 
NIH under award numbers Rl5GM118969 and UL1GM118970; A.B. acknowl-
edges support from NCI under project U01CA253540. Y-I.C. and H-C.Y. were 
supported by a National Science Foundation grant (CBET2432379) and 
the NIH under grant R21DA060543. S.K.S. was supported by the NIH under 
grants R01CA241927 and R21NS093199. The content of this publication does 
not necessarily reflect the views or policies or imply endorsement by the U.S. 
Government or any other funding body.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Biomedical Engineering, University of Texas at Austin, Austin, 
TX 78712, USA. 2 Department of Metallurgical, Materials, and Biomedical 
Engineering, University of Texas at El Paso, El Paso, TX 79968, USA. 3 Depart-
ment of Chemistry, University of Texas at Austin, Austin, TX 78712, USA. 4 Texas 
Materials Institute, University of Texas at Austin, Austin, TX 78712, USA. 

https://doi.org/10.1186/s40170-025-00385-3
https://doi.org/10.1186/s40170-025-00385-3


Page 16 of 17Kamra et al. Cancer & Metabolism           (2025) 13:18 

Received: 24 September 2024   Accepted: 20 March 2025

References
 1. Lei S, Zheng R, Zhang S, Wang S, Chen R, Sun K, et al. Global patterns 

of breast cancer incidence and mortality: A population-based cancer 
registry data analysis from 2000 to 2020. Cancer Commun (Lond). 
2021;41(11):1183–94.

 2. Jin X, Mu P. Targeting Breast Cancer Metastasis. Breast Cancer (Auckl). 
2015;9(Suppl 1):23–34.

 3. Wang L, Zhang S, Wang X. The Metabolic Mechanisms of Breast Cancer 
Metastasis. Front Oncol. 2021;10: 602416.

 4. Tilghman RW, Blais EM, Cowan CR, Sherman NE, Grigera PR, Jeffery ED, 
et al. Matrix Rigidity Regulates Cancer Cell Growth by Modulating Cellular 
Metabolism and Protein Synthesis. PLoS ONE. 2012;7(5): e37231.

 5. Warburg O, Wind F, Negelein E. THE METABOLISM OF TUMORS IN THE 
BODY. J Gen Physiol. 1927;8(6):519–30.

 6. Potapova EV, Zherebtsov EA, Shupletsov VV, Dremin VV, Kandurova KY, 
Mamoshin AV, et al. Detection of NADH and NADPH levels in vivo identi-
fies shift of glucose metabolism in cancer to energy production. FEBS J. 
2024;291(12):2674–82.

 7. Munir R, Lisec J, Swinnen JV, Zaidi N. Lipid metabolism in cancer cells 
under metabolic stress. Br J Cancer. 2019;120(12):1090–8.

 8. Koundouros N, Poulogiannis G. Reprogramming of fatty acid metabolism 
in cancer. Br J Cancer. 2020;122(1):4–22.

 9. Rizzo AM, Colombo I, Montorfano G, Zava S, Corsetto PA. Exogenous Fatty 
Acids Modulate ER Lipid Composition and Metabolism in Breast Cancer 
Cells. Cells. 2021;10(1):175.

 10. Huang CK, Chang PH, Kuo WH, Chen CL, Jeng YM, Chang KJ, et al. 
Adipocytes promote malignant growth of breast tumours with monocar-
boxylate transporter 2 expression via β-hydroxybutyrate. Nat Commun. 
2017;8(1):14706.

 11. Danielli M, Perne L, Jarc Jovičić E, Petan T. Lipid droplets and polyunsatu-
rated fatty acid trafficking: Balancing life and death. Front Cell Dev Biol. 
2023;11:1104725.

 12. Rysman E, Brusselmans K, Scheys K, Timmermans L, Derua R, Munck S, 
et al. De novo Lipogenesis Protects Cancer Cells from Free Radicals and 
Chemotherapeutics by Promoting Membrane Lipid Saturation. Can Res. 
2010;70(20):8117–26.

 13. Guerra B, Recio C, Aranda-Tavío H, Guerra-Rodríguez M, García-Castellano 
JM, Fernández-Pérez L. The Mevalonate pathway, a metabolic target in 
cancer therapy. Front Oncol. 2021;11: 626971.

 14. Ehmsen S, Pedersen MH, Wang G, Terp MG, Arslanagic A, Hood BL, et al. 
Increased cholesterol biosynthesis is a key characteristic of breast cancer 
stem cells influencing patient outcome. Cell Rep. 2019;27(13):3927-3938.e6.

 15. Wang YY, Attané C, Milhas D, Dirat B, Dauvillier S, Guerard A, et al. Mammary 
adipocytes stimulate breast cancer invasion through metabolic remodeling 
of tumor cells. JCI Insight. 2(4). Available from: https:// insig ht. jci. org/ artic les/ 
view/ 87489. Cited 2023 Oct 31

 16. Mukherjee A, Bezwada D, Greco F, Zandbergen M, Shen T, Chiang CY, 
et al. Adipocytes reprogram cancer cell metabolism by diverting glucose 
towards glycerol-3-phosphate thereby promoting metastasis. Nat Metab. 
2023;9:1563–77.

 17. Hopkins BD, Goncalves MD, Cantley LC. Obesity and Cancer Mechanisms: 
Cancer Metabolism. J Clin Oncol. 2016;34(35):4277–83.

 18. Wallace TR, Tarullo SE, Crump LS, Lyons TR. Studies of postpartum mammary 
gland involution reveal novel pro-metastatic mechanisms. J Cancer Metas-
tasis Treat. 2019;5:9.

 19. Heerboth S, Housman G, Leary M, Longacre M, Byler S, Lapinska K, et al. EMT 
and tumor metastasis. Clin Transl Med. 2015;26(4):6.

 20. Nag S, Mandal A, Joshi A, Jain N, Srivastava RS, Singh S, et al. Sialyltrans-
ferases and Neuraminidases: Potential Targets for Cancer Treatment. 
Diseases. 2022;10(4):114.

 21. Dobie C, Skropeta D. Insights into the role of sialylation in cancer progres-
sion and metastasis. Br J Cancer. 2021;124(1):76–90.

 22. Büll C, Stoel MA, den Brok MH, Adema GJ. Sialic Acids Sweeten a Tumor’s 
Life. Can Res. 2014;74(12):3199–204.

 23. Varki A, Cummings RD, Esko JD, Stanley P, Hart GW, Aebi M, et al., editors. 
Essentials of Glycobiology. 4th ed. Cold Spring Harbor (NY): Cold Spring 
Harbor Laboratory Press; 2022. Available from: http:// www. ncbi. nlm. nih. 
gov/ books/ NBK57 9918/. Cited 2023 Mar 21

 24. Varki A, Gagneux P. Multifarious roles of sialic acids in immunity. Ann N Y 
Acad Sci. 2012;1253(1):16–36.

 25. Julien S, Ivetic A, Grigoriadis A, QiZe D, Burford B, Sproviero D, et al. Selectin 
Ligand Sialyl-Lewis x Antigen Drives Metastasis of Hormone-Dependent 
Breast Cancers. Can Res. 2011;71(24):7683–93.

 26. Büll C, Boltje TJ, Balneger N, Weischer SM, Wassink M, van Gemst JJ, et al. 
Sialic Acid Blockade Suppresses Tumor Growth by Enhancing T-cell–Medi-
ated Tumor Immunity. Can Res. 2018;78(13):3574–88.

 27. Xiao H, Woods EC, Vukojicic P, Bertozzi CR. Precision glycocalyx edit-
ing as a strategy for cancer immunotherapy. Proc Natl Acad Sci USA. 
2016;113(37):10304–9.

 28. Nolo R, Herbrich S, Rao A, Zweidler-McKay P, Kannan S, Gopalakrishnan 
V. Targeting P-selectin blocks neuroblastoma growth. Oncotarget. 
2017;8(49):86657–70.

 29. Hodgson K, Orozco-Moreno M, Goode EA, Fisher M, Garnham R, Beatson R, 
et al. Sialic acid blockade inhibits the metastatic spread of prostate cancer to 
bone. eBioMedicine. 2024;104:e105163.

 30. Kinoshita M, Yamamoto S, Suzuki S. Age-Related Changes in O-Acety-
lation of Sialic Acids Bound to N-Glycans of Male Rat Serum Glycopro-
teins and Influence of Dietary Intake on Their Changes. ACS Omega. 
2020;5(30):18608–18.

 31. Yida Z, Imam MU, Ismail M, Ismail N, Ideris A, Abdullah MA. High fat diet-
induced inflammation and oxidative stress are attenuated by N-acetylneu-
raminic acid in rats. J Biomed Sci. 2015;22(1):96.

 32. Li J, Zhang H, Dai Z. Cancer treatment with the ketogenic diet: a systematic 
review and meta-analysis of animal studies. Front Nutr. 2021;8. Available 
from: https:// www. front iersin. org/ artic les/ 10. 3389/ fnut. 2021. 594408. Cited 
2023 Mar 21

 33. Harada Y. Manipulating mannose metabolism as a potential anticancer 
strategy. The FEBS Journal ;n/a(n/a). Available from: https:// onlin elibr ary. 
wiley. com/ doi/ abs/ 10. 1111/ febs. 17230. Cited 2024 Aug 12

 34. Cortez NE, Rodriguez Lanzi C, Hong BV, Xu J, Wang F, Chen S, et al. A 
Ketogenic Diet in Combination with Gemcitabine Increases Survival 
in Pancreatic Cancer KPC Mice. Cancer Research Communications. 
2022;2(9):951–65.

 35. Hopkins BD, Pauli C, Du X, Wang DG, Li X, Wu D, et al. Suppression 
of insulin feedback enhances the efficacy of PI3K inhibitors. Nature. 
2018;560(7719):499–503.

 36. Martinez-Outschoorn UE, Lin Z, Whitaker-Menezes D, Howell A, Sotgia F, 
Lisanti MP. Ketone body utilization drives tumor growth and metastasis. Cell 
Cycle. 2012;11(21):3964–71.

 37. Gouirand V, Gicquel T, Lien EC, Jaune-Pons E, Da Costa Q, Finetti P, et al. 
Ketogenic HMG-CoA lyase and its product β-hydroxybutyrate promote 
pancreatic cancer progression. EMBO J. 2022;41(9): e110466.

 38. Fulman-Levy H, Cohen-Harazi R, Levi B, Argaev-Frenkel L, Abramov-
ich I, Gottlieb E, et al. Metabolic alterations and cellular responses to 
β-Hydroxybutyrate treatment in breast cancer cells. Cancer & Metabolism. 
2024;12(1):16.

 39. Baskin JM, Prescher JA, Laughlin ST, Agard NJ, Chang PV, Miller IA, et al. 
Copper-free click chemistry for dynamic in vivo imaging. Proc Natl Acad Sci. 
2007;104(43):16793–7.

 40. Du J, Meledeo MA, Wang Z, Khanna HS, Paruchuri VDP, Yarema KJ. 
Metabolic glycoengineering: Sialic acid and beyond. Glycobiology. 
2009;19(12):1382–401.

 41. Higashidani A, Bode L, Nishikawa A, Freeze HH. Exogenous mannose does 
not raise steady state mannose-6-phosphate pools of normal or N-glyco-
sylation-deficient human fibroblasts. Mol Genet Metab. 2009;96(4):268–72.

 42. Teoh ST, Ogrodzinski MP, Ross C, Hunter KW, Lunt SY. Sialic Acid Metabolism: 
A Key Player in Breast Cancer Metastasis Revealed by Metabolomics. Front 
Oncol. 2018;8:174.

 43. Li Y, Chen X. Sialic acid metabolism and sialyltransferases: natural functions 
and applications. Appl Microbiol Biotechnol. 2012;94(4):887–905.

 44. Kohnz RA, Roberts LS, DeTomaso D, Bideyan L, Yan P, Bandyopadhyay S, et al. 
Protein Sialylation Regulates a Gene Expression Signature that Promotes 
Breast Cancer Cell Pathogenicity. ACS Chem Biol. 2016;11(8):2131–9.

 45. Lee RM, Vitolo MI, Losert W, Martin SS. Distinct roles of tumor associated 
mutations in collective cell migration. Sci Rep. 2021;11(1):10291.

https://insight.jci.org/articles/view/87489
https://insight.jci.org/articles/view/87489
http://www.ncbi.nlm.nih.gov/books/NBK579918/
http://www.ncbi.nlm.nih.gov/books/NBK579918/
https://www.frontiersin.org/articles/10.3389/fnut.2021.594408
https://onlinelibrary.wiley.com/doi/abs/10.1111/febs.17230
https://onlinelibrary.wiley.com/doi/abs/10.1111/febs.17230


Page 17 of 17Kamra et al. Cancer & Metabolism           (2025) 13:18  

 46. Welsh J. Chapter 40 - Animal Models for Studying Prevention and Treatment 
of Breast Cancer. In: Conn PM, editor. Animal Models for the Study of Human 
Disease. Boston: Academic Press; 2013. p. 997–1018. Available from: https:// 
www. scien cedir ect. com/ scien ce/ artic le/ pii/ B9780 12415 89480 00403. Cited 
2024 Jun 19

 47. Akella NM, Ciraku L, Reginato MJ. Fueling the fire: emerging role of the 
hexosamine biosynthetic pathway in cancer. BMC Biol. 2019;17(1):52.

 48. Paneque A, Fortus H, Zheng J, Werlen G, Jacinto E. The Hexosamine Biosyn-
thesis Pathway: Regulation and Function. Genes (Basel). 2023;14(4):933.

 49. Sheridan C, Kishimoto H, Fuchs RK, Mehrotra S, Bhat-Nakshatri P, Turner CH, 
et al. CD44+/CD24-breast cancer cells exhibit enhanced invasive properties: 
an early step necessary for metastasis. Breast Cancer Res. 2006;8(5):R59.

 50. Yin KB. The mesenchymal-like phenotype of the MDA-MB-231 cell line. In: 
Breast Cancer - Focusing Tumor Microenvironment, Stem cells and Metasta-
sis. IntechOpen; 2011. Available from: https:// www. intec hopen. com/ chapt 
ers/ 24891. Cited 2025 Feb 9

 51. Seales EC, Jurado GA, Brunson BA, Wakefield JK, Frost AR, Bellis SL. 
Hypersialylation of β1 Integrins, Observed in Colon Adenocarcinoma, May 
Contribute to Cancer Progression by Up-regulating Cell Motility. Can Res. 
2005;65(11):4645–52.

 52. Babicki S, Arndt D, Marcu A, Liang Y, Grant JR, Maciejewski A, et al. 
Heatmapper: web-enabled heat mapping for all. Nucleic Acids Res. 
2016;44(W1):W147-153.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published 
maps and institutional affiliations.

https://www.sciencedirect.com/science/article/pii/B9780124158948000403
https://www.sciencedirect.com/science/article/pii/B9780124158948000403
https://www.intechopen.com/chapters/24891
https://www.intechopen.com/chapters/24891

	Ketomimetic nutrients remodel the glycocalyx and trigger a metabolic defense in breast cancer cells
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Results and discussion
	Ketomimetic nutrient medium enhances glycocalyx sialylation and confers chemoprotection to BC cells
	Ketomimetic nutrient medium promotes a glycolytic phenotype
	Ketomimetic nutrient medium slows proliferation and promotes migration of BC cells
	Transcriptomic analysis confirms the mechanism of differential responses of cancer vs. non-cancer cells
	Increased sialylation at the glycocalyx directly blocks DOX internalization
	Nutrient alteration to ketone bodies drastically shifts metabolomic profiles of BC cells

	Materials and methods
	Cell culture
	Bioorthogonal imaging of sialic acids
	LDH cytotoxicity assay
	Fluorescence Lifetime Imaging Microscopy (FLIM)
	FLIM data analysis
	Glucose consumption assay
	Cellular proliferation measurement
	Cellular migration assessment
	Real-time quantitative PCR for gene expression analysis
	Cellular internalization of DOX
	Assessment of lipid droplet accumulation
	MALDI-Mass spectrometry imaging
	Statistical analyses

	Conclusion
	Acknowledgements
	References


