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Abstract: Iminosugars have a carbohydrate-like backbone in which the ring oxygen is
replaced by nitrogen. They are naturally found in foods such as rice, buckwheat, mul-
berries, and fermented vegetables, and are reported to exert anti-hyperlipidemic and
anti-hyperglycemic effects due to the inhibition of cellular glycosidases. This mechanism
suggests their potential role in cancer treatment and prevention. In this study, two natu-
ral iminosugars, D-fagomine (FGM) and 1-deoxynojirimycin (DNJ), and their synthetic
derivatives were screened for potential anticancer properties using Caco-2 and HCT-116
cells as models for the early and late stages of colon cancer, respectively. Iminosugars
were found to decrease cell viability, with effects varying based on the type of iminosugar,
cell type, growth condition (glucose concentration), exposure time (1 vs. 13 days), and
tissue architecture (monolayer vs. spheroid). The combined use of innovative techniques,
such as IncuCyte® live cell imaging and Seahorse real-time cellular metabolic analysis, and
microscopic observation after staining enabled us to detect changes in substrate utilization
for energy metabolism, including increased glycolysis and alterations in lipid and glyco-
gen stores. The evidence that iminosugars, both natural and synthetic, influence cellular
bioenergetics paves the way for their potential use in various applications, including cancer
treatment.

Keywords: iminosugars; colon cancer; 3D spheroid culture; Caco-2; HCT-116; mitochondrial
respiration; glycolysis; glycosidase inhibition

1. Introduction

Iminosugars, also known as azasugars, are small organic molecules that mimic car-
bohydrates. These compounds can be found in nature or synthesized in monocyclic or
bicyclic forms. The distinguishing feature of iminosugars compared to common sugars is
the presence of nitrogen instead of oxygen in the ring structure. In nature, there are five
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main classes of iminosugars: indolizidines, piperidines, nortropanes, pyrrolizidines, and
pyrrolidines. Synthetic iminosugars, on the other hand, encompass a wide variety of ring
structures [1].

Iminosugars act as potent inhibitors of glycosidases, enzymes responsible for breaking
glycosidic bonds in oligosaccharides and glycoconjugates. Additionally, they effectively
inhibit glycosyltransferases, enzymes that catalyze the formation of glycosidic bonds from
sugar donors with a leaving group in the anomeric position [2]. Iminosugars are found in
various plants, aiding in their defense against destruction by animals or pathogens, and thus
often end up in foods. Once ingested, iminosugars can perform several beneficial actions
in the body. For example, the stevia plant contains iminosugars like steviamine, which
inhibit glycosidases and show promising antimetastatic activity. Some cucumber varieties
possess idoBR1, an iminosugar with potent anti-inflammatory activity. Another example
is the Indian Ayurvedic medicinal plant Gymnema sylvestre, which may restore insulin
responses and beta-cell health over time. Despite these examples, iminosugars have often
been overlooked, and many are believed to be yet undiscovered in food plants. For instance,
potatoes contain nortropan calistegins, potent inhibitors of glucosidase and galactosidase.
Rice and buckwheat contain D-fagomine (FGM), which can inhibit a wide range of enzymes,
although the presence of iminosugars in rice may depend on the variety [3]. Iminosugars
from rice and potato are stable after cooking and are excreted in urine once ingested.

Clinical studies have shown that FGM can control postprandial glycemic response and
improve immune responses in the presence of opportunistic microorganisms [4]. FGM was
first isolated as a natural product in 1974 from Japanese buckwheat (Fagopyrum esculentum
Moench) seeds, leading to the discovery of its inhibitory activities against a-glucosidase
and pB-galactosidase in mammals. As studies on FGM intensified, a regioisomeric analogue,
Isofagomine (IFGM), was synthesized in 1994 and proved to be a potent glucosidase
inhibitor. IFGM has been used in the treatment of Gaucher disease as an active-site-specific
pharmacological chaperone (ASSPC) strategy [5].

One of the most well-known naturally occurring iminosugars is 1-deoxynojirimycin
(DNJ), an analog of D-glucose with a nitrogen atom substituted for oxygen in the ring.
DN]J is found in various parts of mulberry trees and is known for its antidiabetic, antiviral,
and antitumor activities. It is the basis of the diabetes drug Glyset™, also known as
Miglitol (MGTL), due to its function as a potent inhibitor of various glucosidases. In the
intestine, DNJ and MGLT inhibit digestive glucosidases such as maltase, isomaltase, and
sucrase. Thus, compounds like DNJ can be used therapeutically in the oral treatment of
non-insulin-dependent diabetes mellitus (type II) due to their inhibitory ability against 3-
glucosidases [3]. Besides mulberries, DNJ is produced by several Bacillus and Streptomyces
strains, such as Bacillus subtilis MORI and B. amyloliquefaciens, isolated from traditional
Korean fermented foods like Chungkookjang. B. amyloliquefaciens has also been isolated
from traditional Korean fermented cabbage, Kimchi, and several other fermented foods.
B. atrophaeus has been identified in fermented tofu, B. subtilis in the traditional Chinese
fermented Okara, Meitauza, and B. velezensis in traditional Korean fermented soybean
paste, Doenjang. DNJ inhibits glucosidases I and II, which are involved in N-linked glyco-
sylation of secretory proteins [6,7]. N-(n-Nonyl)deoxynojirimycin (NN-DNJ) is a derivative
of DNJ with a nonyl group attached to the nitrogen atom, increasing its hydrophobicity.
This modification enhances its interaction with biological membranes, altering membrane
permeability and structural integrity [8]. Computational analysis by Thirumal Kumar
et al. (2019) suggested that NN-DNJ could act as a pharmacological chaperone to enhance
[-glucocerebrosidase activity in patients with specific mutations, paving the way for po-
tential applications in the treatment of Gaucher’s disease [9]. Another DNJ derivative
is 2,3,4,6-Tetra-O-benzyl-(+)-1-deoxynojirimycin (TBN-DN]J), widely employed as a pro-
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tected intermediate for the synthesis of N-substituted DN]J derivatives, enabling selective
functionalization at the nitrogen position [10].

So far, iminosugars have mainly been studied as therapeutics to improve metabolic
health by acting on intestinal enzymes. However, another application in which glycosidases
play an important role is cancer. Glycosidase activity is increased in tumor cells and
may aid in tumor cell shedding, local invasion, and structural changes in cell surface
glucoconjugates. These changes increase attachment to endothelial cells and metastasis [11].
Besides their ability to modulate protein glycosylation, iminosugars may inhibit specific
glycosidases involved in cell proliferation and interfere with the altered metabolic processes
of cancer cells. While further research is needed to optimize their selectivity and reduce
potential side effects, their role in regulating tumor-related biochemical pathways represents
a growing area of interest in oncological research [12]. Yet, the effect of iminosugars on
these pathways remains relatively unexplored.

In this study, we aim to compare the potential of different food-related and synthetic
iminosugars on intestinal cell processes that may be related to their anticancer effects
(Figure 1). We will focus on naturally derived iminosugars, such as FGM and DNJ, and
their synthetic derivatives, [IFGM, MGTL, NN-DNJ, and TBN-DN]J. As a case study, we
investigated colon cancer, as the intestine is one of the first exposure sites of food-related
compounds. Moreover, in vivo studies have shown that intestinal glycosidase activity is
implicated in tumor progression in the colon, suggesting that their inhibition may represent
a promising therapeutic strategy. This makes intestinal tissue a relevant model for exploring
both the local enzymatic effects and potential anticancer mechanisms of iminosugars.
In vitro experiments were performed under different nutritional conditions (glucose-rich
and glucose-depleted medium), in two different cell lines representing different stages
of colon cancer (Caco-2 and HCT-116 cells as early and later stages, respectively), and in
both 2D monolayer and 3D spheroid morphology, the latter being a better reproduction
of the tumor architecture and nutrient gradient [13]. Cell viability was assessed using
standard microscopic and biochemical tools, bioenergetic parameters such as mitochondrial
health and glycolytic capacity were further explored using the Seahorse Extracellular Flux
(XF) Analyzer, and the effect on tissue organization was investigated by the staining of
intracellular nutrient stores.
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Figure 1. Differences in chemical structure between natural iminosugars (boxed) and their synthetic
derivatives. Isofagomine is derived from Fagomine, while 1-Deoxynojirimycin serves as the core for
the synthetic derivatives Miglitol (Glyset®), N-(nonyl)deoxynojirimycin, and 2,3,4,6-Tetra-O-benzyl-
(+)-1-deoxynojirimycin.
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2. Materials and Methods
2.1. Chemicals

Iminosugars were purchased from the company Biosynth (Bratislava, Slovakia). Dul-
becco’s modified Eagle’s medium (DMEM), DMEM without glucose, penicillin, strepto-
mycin, and Dulbecco’s phosphate-buffered saline (DPBS) were purchased from Gibco
(Fisher Scientific, Merelbeke, Belgium). Trypan blue and Fetal Bovine Serum (FBS) were ob-
tained from Thermo Fisher Scientific, whereas XF base medium was purchased from Agilent
(Ghent, Belgium). Seahorse plates, Seahorse cartridges, Seahorse calibrant, and Mito Stress
assay kits were all obtained from Agilent. Cell culture plates with 96 wells and spheroid
plates were purchased from Greiner (Vilvoorde, Belgium) and S-BIO (Neuss, Germany).

2.2. Cell Culture and Exposure

Caco-2 and HCT-116 cells (ATCC, Molsheim, France) were cultured in DMEM with
4.5 g-L 7! of glucose, supplemented with 10% heat-inactivated and sterile-filtered FBS,
1% non-essential amino acids, and 1% penicillin/streptomycin, at 37 °C and 10% CO,.
The medium was refreshed every two or three days. Upon 80% confluency, cells were
trypsinized, counted using trypan blue and a Biirker counting chamber, and seeded in
plates. For the monolayer experiments, cells were seeded in 96-well plates at 2 x 10* cells
per well and cultured in two different media: glucose-rich DMEM (4.5 g-L~! glucose and
10% FBS) or glucose-depleted DMEM (no glucose and 2% FBS). The HCT-116 cell line was
used further in spheroid experiments (3D culture), where cells were seeded at 5 x 10° cells
per well in a 384-well plate. Cells were treated with different iminosugar concentrations
(25-50 uM) for 1 or 13 days.

2.3. Resazurin Assay

The activity of cellular dehydrogenases as a measure for mitochondrial respiration
was quantified with the resazurin assay, where metabolically active cells reduce resazurin,
a non-fluorescent blue dye, into resorufin, which is fluorescent and pink in color. The
resazurin stock solution (1 mg-mL~! in distilled water) was diluted 1:100 /v in DMEM
(without FBS), resulting in a final concentration of 10 ug-mL~!. The plate was incubated
at 37 °C for 2 h, after which fluorescence (Aexc/Aem = 560/590 nm) was measured in a
96-well black plate.

2.4. Sulforhodamine B Assay

The sulforhodamine B (SRB) assay was used as an indirect indicator of cell proliferation.
The amount of SRB bound to the cells, measured spectrophotometrically, is proportional
to the number of cells present in the sample. After the resazurin assay, cells were fixed
by adding 50% TCA solution (1:4 v/v) to the medium and incubated at 4 °C for at least
one hour. Next, cells were washed 5 times with tap water, and 50 pL of SRB solution was
added to each well. After 30 min of incubation, the plates were washed 5 times with 1%
acetic acid solution. The protein-bound SRB staining was solubilized by adding 200 uL of a
10 mM Tris solution, and the absorbance was measured at 490 nm.

2.5. IncuCyte Live Cell Imaging

IncuCyte® is an advanced live-cell imaging system for acquiring and analyzing im-
ages directly inside an incubator, thereby providing real-time information on cell growth,
metabolism, and other cellular dynamics to ensure optimal conditions for experiments
even over extended times. Plates containing iminosugar-treated cells were placed in a
37 °C incubator, and cell growth was monitored over time. For Caco-2 and HCT-116 cells
seeded in 96-well plates (2D culture), 4 images per well were acquired every 4 h. In the
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case of the spheroid experiment in 384-well plates (3D culture), one image per well was
acquired every 12 h.

2.6. Seahorse Extracellular Flux Assays

The Agilent Seahorse XFe96 Extracellular Flux Analyzer was used in combination
with the Agilent Seahorse XF Cell Mito Stress Test kit to assess mitochondrial function
by targeting specific points in the electron transport chain (ETC). Oligomycin (OM), a
complex V inhibitor, reduces electron flow through the ETC by blocking ATP synthase,
leading to a decreased oxygen consumption rate and a corresponding decline in mito-
chondrial respiration, and hence mitochondrial ATP production. Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP), a protonophore, disrupts the mitochondrial
membrane potential by collapsing the proton gradient, thereby allowing unrestricted elec-
tron flow through the ETC, resulting in maximal oxygen consumption by complex IV.
The oxygen consumption rate stimulated by FCCP is used to calculate spare respiratory
capacity, the difference between maximal and basal respiration, providing insights into
mitochondrial efficiency and ATP synthesis capacity [14]. By measuring the oxygen con-
sumption rate and extracellular acidification rate, basal respiration, maximal respiration,
ATP production, proton leakage, non-mitochondrial respiration, and respiratory spare
capacity were calculated according to the manufacturers’ protocols. Practically, the day
before the experiment, cartridges were hydrated in calibration solution, placed in a sealed
plastic bag containing moist paper to prevent dehydration, and incubated at 37 °C for
24 h. On the following day, the 96-well Agilent Seahorse spheroid plates were prepared by
adding 30 uL of poly-D-lysine to each well and incubated for 20 min. Each well was then
washed twice with 200 puL of water. Next, the wells were rinsed with 200 pL. of XF DMEM
Seahorse supplemented with pyruvate, glucose, and glutamine in a 100:1:1:1 ratio and sub-
sequently filled with 175 uL of the same medium pre-warmed to 37 °C. Finally, spheroids
were individually collected using a pipette and transferred from the 384-well plate to the
96-well Agilent Seahorse plates. Subsequently, 22 uL of OM (1 uM final concentration) was
added to injection port A of the cartridge, 22 uL of FCCP (0.5 uM final concentration) to
port B, and 25 pL of Rotenone/Antimycin A (R/AM, 0.5 uM final concentration) to port C.
The substrate oxidation test experiment was set up similarly, but 20 L of etomoxir (Eto,
4 uM final concentration) was added to port A of the cartridge. The other ports were loaded
as described for the Mito Stress kit, and the analysis was run likewise.

2.7. AdipoRed Staining

After 1 and 13 days of incubation and treatment, DMEM was removed, and each well
was washed with DPBS (+Ca/Mg). Subsequently, paraformaldehyde was added for cell
fixation, and the plates were stored at 4 °C. Next, intracellular lipids were stained with
AdipoRed 2.5% solution, diluted in DPBS at a 1:40 ratio for 30 min. Finally, the IncuCyte
was used to create phase-contrast and red fluorescence images and to calculate the red
fluorescence intensity per surface covered with cells.

2.8. Periodic Acid—-Schiff (PAS) Staining

Similarly, cells fixed in paraformaldehyde were washed with distilled water and
treated with periodic acid (0.5%) for 5 min. Next, the cells were washed three times with
distilled water, and Shiff’s reagent was added for 15 min. After incubation, the remaining
Shiff’s reagent was washed away with water, and the cells were imaged using a Zeiss
Primovert phase-contrast microscope with an Axiocam color camera.
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2.9. Statistics

Statistical analysis of the resazurin and SRB cytotoxicity assays, as well as the Adi-
poRed assay and maximal respiration after Eto injection, was performed using SPSS Statis-
tics 29 software. A two-tailed Student’s t-test was applied to compare treated samples
wit h untreated controls. Comparisons between the untreated control and the differ-
ent iminosugar treatments for each mitochondrial parameter (basal respiration, maximal
respiration, ATP production, proton leakage, non-mitochondrial respiration, and spare res-
piratory capacity) were performed using one-way analysis of variance (ANOVA), followed
by Tukey’s HSD post hoc test to identify statistically significant differences (p < 0.05). The
extracellular acidification rate parameter was also statistically analyzed using one-way
ANOVA followed by Tukey’s HSD post hoc test. These analyses were carried out using
GraphPad Prism version 8. For iminosugar-treated samples, the number of replicates
ranged from n = 4 to n = 5; for untreated controls, fromn =7 ton = 31.

3. Results
3.1. Iminosugars Affect Cell Viability of Intestinal Cell Lines

In the first step, cell viability after exposure to iminosugars was investigated in the
Caco-2 and HCT-116 cell lines, representing the early and late stages of colon cancer,
according to the ATCC product files. Table 1 shows the viability of cell monolayers exposed
to iminosugars for the short term (24 h) in either a glucose-rich or glucose-depleted medium.

Table 1. The effect of natural iminosugars and synthetic derivatives on the growth and metabolism
of Caco-2 and HCT-116 cell lines after 24 h of incubation at a concentration of 50 pM in DMEM
with and without glucose. Cellular parameters were assessed using the resazurin metabolic activity
assay (Res.), the protein content assay (SRB), and cell confluency (IncuCyte). Results are expressed as
mean =+ standard deviation (SD), with statistical significance indicated by an asterisk (*) relative to
untreated controls (p < 0.05). Statistical significance was determined using a two-tailed t-test between
treated samples and untreated controls.

Iminosugar Glucose Caco-2 HCT-116
e Mitochondrial Protein Confluence Mitochondrial Protein Confluence
Activity Content Activity Content
DN]J + 103.8 152  59.1 £14.2* 89.9 £ 6.6 1147 £17.1 86.8 £ 14.5 444+ 65*
- 879+59* 523+72* 587 +58* 748 +173* 794+£17.1* 88.8+£3.9
NN-DNJ + 91 + 149 653 +£11.8*% 652+ 11* 89.3 £21.6 729+159* 589 £4.5*
- 864 £ 115" 546 £6.1% 50.8 £12.3* 83.9 £155 873 +£74 78.2 £10.7
TBN-DNJ + 829+79 6828 £16.1* 565+12.6* 66.5 + 21 * 61.56 £ 8.8* 54 +95*
- 221+54* 4065+152* 362+51* 499 £3.7* 6521 £3.7* 56 +9.8*
MGTL + 874 £75* 109.15+213 79.6 £ 17.6 779 £14.2 107.3 £ 18 93.6 £18.7
- 93+44* 679+9.6* 724 +147* 748+101* 7471+£132*  88.6+134
FGM + 1262 +243*  79.7 £21.5 100.2 +9.7 104.3 +15.1 994 £6.7 91.1+94
- 126.8 + 27 726 £173* 821+ 142* 92.8 £10.7 973 £214 121.6 £ 15.2
[FGM + 944 +11.6 89.37 £ 16.5 80.3+9.9* 85.3 £13.9 93.5+9.1 924 £104
- 110.6 +13.4 7126 +£19 69.1 £104* 762 +£99*% 80+215 70.7 £11.5%

Generally, treatment of cells with iminosugars resulted in a lower mitochondrial
activity (resazurin), protein content (SRB), and confluency compared to untreated cells.
The effects varied depending on the type of iminosugar, cell type, and growth conditions
(presence or absence of glucose). Particularly in the Caco-2 cell line, treatment with DN]J
derivatives in the absence of glucose generally showed lower values compared to treatments
with glucose, indicating a possible metabolic dependence on glucose for maintaining cell
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viability and proliferation. Notably, in a comparison of the natural iminosugars, FGM
appeared less impactful than DN]J. Among the synthetic derivatives, TBN-DNJ and NN-
DNJ showed a more negative impact on cell confluence, suggesting potential cytotoxic or
inhibitory effects on proliferation. In the next step, the effect of iminosugar treatment on a
3D spheroid model, which better represents tumor architecture, was investigated (Figure 2).
HCT-116 cells were used because Caco-2 cells are unable to form such 3D structures, and
an exposure time of 13 days was applied to allow sufficient tumor growth and simulate
longer-term treatment. Growth curves monitored via the IncuCyte live cell imager showed
that NN-DNJ, MGTL, TBN-DN]J, and FGM were more effective in decreasing spheroid
diameter compared to 1-DN]J and IFGM.

A B
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Figure 2. Effects of treating HCT-116 cells with iminosugars on spheroid growth over time. (A-F) The
graphs represent growth curves of cells when treated with the iminosugars (A) DNJ; (B) NN-DNJ;
(C) TBN-DNJ; (D) MGTL; (E) FGM; and (F) IFGM; or untreated, over a time frame of 0 to 13 days,
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obtained using the IncuCyte live-cell imaging system, which captures phase-contrast images over
time. The images depict spheroids on days 9 and 13 after treatment with either 50 uM or 25 uM
iminosugar (G). The images illustrate the evolution over time of the morphology and cellular density
of the spheroids.

3.2. Iminosugars Affect Enerqy Metabolism in HCT-116-Derived Spheroids

To understand the effect of iminosugars on tumor growth, the energy metabolism was
investigated closely as iminosugars are specific inhibitors of glucosidase activity, potentially
impacting glucose and other energetic substrate mobilization within cells. To this end,
spheroids were transferred to a 96-well spheroid plate, and shifts in energy metabolism
were monitored using the XFe96 Efflux Analyzer. Figure 3 shows that basal respiration,
reflected by the oxygen consumption rate (OCR) before the addition of mitochondrial
stressors, was maintained upon treatment with most iminosugars, except TBN-DNJ at
50 uM. Despite maintained basal respiration, a higher glycolytic rate, indicated by a
higher extracellular acidification rate (ECAR), was observed, suggesting a shift to a less
efficient energy metabolism pathway to meet energy demands. Additionally, for all tested
conditions, maximal respiratory capacity, visible after FCCP injection, was lower than that
in the untreated condition, indicating an impact on mitochondrial fitness. Interestingly;,
the maximal respiration of cells treated with 25 uM FGM was higher than that of all
other treatments.
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Figure 3. The effect on energy production, as determined by the XFe96 Efflux Analyzer (Agilent
Technologies, Diegem, Belgium), is given for the treatment of cells with 50 uM or 25 uM iminosugar.
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Left panels show OCR as a function of time and upon different stressor injections. The middle
panels show various mitochondrial parameters. Basal respiration refers to mitochondrial activity at
rest. Maximal respiration after the injection of FCCP, an uncoupling agent that forces the electron
transport chain to work at its full capacity, indicates mitochondrial reserve capacity. Mitochondrial
ATP production is the difference between basal respiration and the OCR after OM inhibition of
the ATP synthase. Proton leakage is the residual OCR after OM addition, and it reflects oxygen
consumption not linked to ATP production but rather due to proton leakage across the mitochondrial
membrane. Non-mitochondrial respiration is the OCR after the complete inhibition of the electron
transport chain by R/AM and reflects oxygen consumption by non-mitochondrial sources (e.g.,
oxidases or peroxisomes). Spare respiratory capacity is the difference between maximal and basal
respiration, representing the highest possible reserve capacity upon elevated energy demand. A low
value may indicate that cells are already operating near their respiratory limit, making them more
vulnerable to stress. On the right, ECAR in spheroids after 13 days of treatment is depicted. Data
are presented as mean =+ standard deviation. Mean values marked with different letters (i.e., a, b,
¢) for each mitochondrial parameter indicate significant differences (p < 0.05) among treatments, as
determined by one-way ANOVA followed by Tukey’s HSD post hoc test. Statistical difference is
marked by ***: p < 0.001, **: p < 0.01, *: p < 0.05 compared with control by ANOVA followed by
Tukey’s HSD post hoc test.

As shown in Figure 3, bioenergetic analysis of spheroids treated with DNJ, FGM, and
their synthetic derivatives for 13 days showed a decrease in the oxygen consumption rate,
most pronounced at 50 uM iminosugar. Mitochondrial parameters revealed that basal respi-
ration was generally similar between treated and untreated spheroids. However, a decrease
in both maximal respiration and spare respiratory capacity, defined as the mitochondria’s
ability to meet increased energy demands, was observed. Significantly decreased non-
mitochondprial respiration for various treatments (except FGM and NN-DNJ), particularly
at 50 pM, may point to a decreased overall viability. In general, no substantial differences
were observed for mitochondrial ATP production or proton leakage. Interestingly, the
extracellular acidification rate was significantly increased for all iminosugar treatments,
indicating a shift to a less efficient compensatory mechanism to meet energy demands. As
an exception, TBN-DNJ significantly decreased the extracellular acidification rate at 50 uM,
likely due to a higher cytotoxicity compared to other compounds. Overall, strong shifts
in energy metabolism occurred, with many natural and synthetic iminosugars inducing
similar effects in terms of maximal respiration and glycolysis, leading to increased lactate
production, a key feature of aerobic glycolysis often observed in tumor cells in the presence
of oxygen.

3.3. Iminosugars Induce Shifts in Substrate Use for Energy Metabolism

To further investigate whether these shifts in metabolism could result from differences
in nutrient use for respiration, the major energy stores of the cells, glycogen and lipids, were
stained microscopically. Additionally, using Eto as a carnitine palmitoyltransferase-1 in-
hibitor to inhibit fatty acid transport into the mitochondria, we aimed to further distinguish
between the modes of action of natural and synthetic iminosugars. Overall, quantification
of the AdipoRed stain as a proxy for intracellular lipid content showed increased values
over time (Figure 4A). While no significant differences were observed in the early stages,
marked variations emerged by day 13. In Caco-2 cells, a significant decrease in intracellu-
lar lipid content was observed upon long-term treatment with NN-DN]J, TBN-DN], and
FGM compared to the untreated control. Interestingly, such a decrease was not visible in
long-term-treated HCT-116 cells. Figure 4B shows that maximal mitochondrial respiration
in HCT-116 spheroids (13 days) was affected by iminosugar treatment and Eto injection.
Spheroids treated with MGTL, TBN-DNJ], and IFGM showed increased dependence on
lipids for mitochondrial respiration. Microscopic pictures of PAS staining for glycogen in
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Caco-2 cells treated for 13 days (Figure 4C) showed a strong reduction in glycogen content
in cells treated with iminosugars, particularly FGM. This suggests that certain iminosugars
influence lipid metabolism and cellular glycogen storage, likely due to their inhibitory
effect on a-glycosidases. Additionally, glycogen distribution in different zones was di-
verse in untreated conditions, whereas iminosugar treatment resulted in either a more
diffuse and equally distributed phenotype (NN-DNJ) or more pronounced site-specific
localization (IFGM). These effects were less pronounced in HCT-116-treated monolayers
(Figure 4C). Similarly, intracellular lipid concentration followed the same distribution pat-
tern in cell monolayers, indicating a role of iminosugars in cell differentiation and epithelial
organization.
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Figure 4. Impact of iminosugars on nutrient use in colon cancer cells. (A) Intracellular lipid content
(AU) upon AdipoRed staining of Caco-2 cells. *: indicates significant difference compared to the
untreated control (p < 0.05). (B) Maximal respiration of HCT-116 spheroids treated for 13 days with
iminosugars after injection of the fatty acid transport inhibitor Eto. *: significantly different after Eto
injection of the same iminosugar treatment, §: from the untreated condition (p < 0.05). (C) Microscopic
pictures of Caco-2 and HCT-116 cells treated with iminosugars for 13 days after AdipoRed staining
for lipids (upper) and PAS staining for glycogen (lower).
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4. Discussion

This study presents, to our knowledge, the first attempt to investigate the effects
of natural iminosugars and synthetic derivatives on two intestinal cell lines by integrat-
ing innovative techniques such as three-dimensional culture techniques and bioenergetic
phenotyping. Although multiple studies have demonstrated the impact of drug-like imi-
nosugars, such as MGLT and FGM, on human metabolism, almost no studies compare the
effectiveness and compound-specific effects in a single screening. Our results demonstrate
that both natural and synthetic iminosugars (i) decrease cell growth depending on the
iminosugar, the presence of glucose in the medium, and the cell type and architecture,
(ii) decrease maximal respiration and increase glycolysis, indicating a less efficient energy
production machinery, (iii) alter substrate preferences to sustain mitochondrial respiration,
and (iv) substantially alter lipid and glycogen deposits in intestinal monolayers depending
on the cell type and iminosugar.

4.1. Iminosugars Decrease Cell Growth Depending on Iminosugar Structure, Presence of Glucose
in the Medium, and Cell Type and Architecture

Our findings indicate that iminosugars significantly impact cellular bioenergetics,
particularly affecting the cells” ability to cope with metabolic stress and increased energy
demands. The strength of this effect varied depending on the type and concentration of the
iminosugar, with the most pronounced impairments observed for synthetic derivatives at
50 uM. Overall, cell growth was inhibited by iminosugars, and this effect was enhanced
under glucose-deprived conditions compared to glucose-rich conditions. This aspect is
likely attributable to one of the main characteristics of iminosugars, namely their ability to
inhibit key enzymes regulating the availability of energy substrates. As iminosugars act as
glycosidase inhibitors, the mobilization of glycogen as a backup nutrient in case of glucose
depletion is hampered. This feature may be beneficial for targeting cancer cells located at
the inner core of the tumor, where nutrient and oxygen depletion is more prevalent than in
the outer layer. Hampering glycolysis in cancer cells can also contribute to combating drug
resistance by reducing the available energy for multidrug efflux pumps [15]. Additionally,
the inhibition of a-glucosidase and mannosidase can lead to a reduction in glycolysis and
protein synthesis, as well as increased endoplasmic reticulum stress [16], which may lead
to cytotoxic effects. Furthermore, as glycosidases are important enzymes for tumor cell
surface glycoconjugate synthesis, their inhibition may alter the 3D architecture of the tumor
spheroid, making the cells more loosely connected to each other, as observed with TBN-DNJ.
This hypothesis should be confirmed by determining specific cell surface glycoconjugates
using more complex analytical techniques such as chromatography (lectin) coupled with
mass spectrometry.

In the presence of glucose, natural compounds such as FGM showed a positive effect
on mitochondrial activity, as reflected by higher resazurin conversion compared to the
control in both Caco-2 and HCT-116 monolayers in the short term, as well as by higher
maximal respiration in HCT-116 spheroids in the long term. This effect may suggest a
protective and stimulatory capacity for cell metabolism under conditions of sufficient
energy availability. However, more pronounced and inhibitory effects on cell viability
were observed with synthetic derivatives compared to natural iminosugars, especially at
higher concentrations. For instance, the higher effects with TBN-DNJ and NN-DNJ sug-
gest that chemical modifications, i.e., the hydrophobic side chains introduced in synthetic
derivatives, may improve the uptake of iminosugars by passive diffusion through cell mem-
branes [17,18]. In addition, the aromatic rings in the structure of TBN-DN]J introduce extra
features, possibly improving the iminosugar’s affinity for enzymatic targets, enhancing
uptake through cellular receptors, or increasing the metabolic stability of the compound.
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4.2. Iminosugars Decrease Maximal Respiratory Capacity and Increase Glycolysis

This research is, to our knowledge, the first report investigating the effect of iminosug-
ars on cellular bioenergetics. Our initial observation was that treatment with different
iminosugars led to decreased basal respiration compared to untreated cells. This decrease
was particularly visible at higher concentrations (50 uM), suggesting that these compounds
may interfere with mitochondrial respiratory capacity. Interestingly, natural DNJ and
FGM had a less pronounced effect compared to their synthetic derivatives, indicating that
structural modifications in the synthetic derivatives may be more effective in targeting
energy metabolism or may have better stability and cellular uptake. Similarly, except for
DNJ], all iminosugars were able to reduce the spare mitochondrial capacity after FCCP
stress. This suggests that either fewer mitochondria were present or that shifts in mitochon-
drial enzymes and/or structure were induced by the iminosugars. Indeed, the literature
reports that iminosugars can inhibit glucocerebrosidase, which may affect lipid metabolism
within the mitochondria. This effect was demonstrated for DNJ analogs such as N-butyl-1-
deoxynojirimycin (N-Butyl-DNJ), which is investigated for treating Gaucher’s disease, and
N-dodecyl-1-deoxynojirimycin (N-dodecyl-DNJ) [19,20].

Our results also demonstrated that this decrease in mitochondrial capacity was par-
alleled by an increase in glycolysis and lactate production for all tested iminosugars,
suggesting that cells may become more dependent on alternative energy pathways to
sustain their survival and to compensate for their energy deficit apart from oxidative phos-
phorylation. Whether this is a beneficial effect is still debatable. On one hand, stimulation
of this inefficient pathway for ATP production may limit the outgrowth of cancer cells and
hence open opportunities for iminosugars to be used in cancer treatment. On the other
hand, the shift towards glycolysis, also called the Warburg effect, is a typical hallmark for
cancer progression. This metabolic state provides greater plasticity, allowing cancer cells
to adapt to different microenvironments [21]. More specifically, the Warburg effect offers
tumor cells higher flexibility in nutrient utilization, enabling them to metabolize various
energy substrates to meet the increasing bioenergetic and biosynthetic demands of tumor
development across diverse microenvironments. Additionally, intermediate metabolites
of glycolysis, such as lactate and pyruvate, can be recycled for the synthesis of essential
cellular biomass, thus promoting cell proliferation. Furthermore, the shift towards glycol-
ysis may limit the overproduction of reactive oxygen species (ROS), which may trigger
adaptive stress responses that support survival, tumor progression, and mutagenic events
promoting tumorigenesis and metastasis, while avoiding the cytotoxic effects associated
with excessive ROS levels. Therefore, the hybrid metabolic phenotype has been specifically
associated with metastatic potential, supporting the ability of cancer cells to adapt to and
colonize distant environments [22].

As we are the first to report this shift towards glycolysis, it is not yet clear whether this
effect is beneficial for the cell, although it is now known that lactate is used continuously
as fuel by various cells under conditions of complete aerobiosis. Under low-glucose
conditions, cancer cells take up and oxidize lactate [23]. Enhanced glycolysis could be the
result of endoplasmic stress, as various glycosidases are crucial in protein glycosylation
and quality control, or it can be a sign pointing towards autophagy [24,25]. It is likely that
the higher glycolytic rate is not really meant to compensate for increased energy demands,
but may simply be a compensatory side effect of the cells maintaining the production rate
of essential glycoconjugates due to the inhibition of glycosidase activity [26,27]. To support
this hypothesis, it would be relevant to examine potential changes in nutrient transporters
and mitochondrial and related enzymes, as well as in the glycoconjugate profile of the cells.

Overall, we may conclude that the actual effect of iminosugars on the induction of a
glycolytic shift has not yet been clearly demonstrated. To date, no studies in the literature
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have directly shown an association between these compounds and the modulation of
glycolytic metabolism. However, since iminosugars inhibit glycosidases, thereby altering
the glycosylation profile of numerous proteins, including those involved in the regulation of
cellular metabolism, it is plausible to hypothesize an indirect effect on metabolic pathways,
which deserves further experimental investigation.

4.3. Iminosugars Alter Lipid and Glycogen Deposits in Intestinal Monolayers and Affect
Tissue Organization

Our results clearly show that long-term iminosugar treatment impacts nutrient de-
posits in cells, depending on the iminosugar structure and cell line. The most pronounced
differences were observed in differentiating Caco-2 cells. Microscopic staining of intracellu-
lar lipids revealed that cells treated with NN-DNJ, TBN-DN]J, and FGM had significantly
lower intracellular lipid content compared to control cells. This suggests that, in response to
iminosugars, the cells may exhibit decreased lipogenesis, increased fatty acid consumption
as a secondary energy source, and/or effects on other pathways such as the inhibition of
glucocerebrosidases. To test whether intracellular fatty acids were used to compensate for
energy deficits, etomoxir was added as an inhibitor of fatty acid transport into mitochon-
dria. A significant decrease in maximal respiration was confirmed for the slightly cytotoxic
TBN-DN]J but not for NN-DNJ and FGM. Additionally, MGLT and IFGM showed higher
dependency on fatty acid oxidation for energy metabolism. We therefore concluded that
increased fatty acid oxidation is likely not the primary pathway explaining the lower lipid
deposits in cells caused by NN-DNJ and FGM.

In the literature, DN]J consumption has been associated with decreased triglyceride
content in the liver and increased fatty acid B-oxidation [28]. However, in our intestinal
cell models, only synthetic DNJ derivatives showed a similar effect. Whether this is due to
the stability of DNJ or differences in DN]J uptake or function in other tissue types remains
unclear and warrants further study. DNJ has also been reported to inhibit acetyl-CoA
carboxylase and fatty acid synthase, which may directly decrease lipogenesis. Furthermore,
in fat tissue, adiponectin and AMPK were upregulated. Together with a decrease in
lipogenesis, this may have beneficial effects on atherosclerosis and fatty liver disease.
Whether such effects also occur in intestinal cells needs to be established.

In the literature, DNJ and FGM analogs, such as N-butyl-DNJ and N-dodecyl-DN]J,
are reported to inhibit glucocerebrosidase, thereby affecting (sphingo)lipid metabolism
in Gaucher disease. The accumulation of substrates such as glucosylceramide, which
impairs mitochondrial function and autophagy and induces the hyperactivation of the
mTORC1 pathway in neuronal models, suggests a broader impact on cellular homeostasis
beyond lipid storage [29]. It can therefore be suggested that NN-DNJ, TBN-DN]J, and FGM
have a similar mode of action in differentiating cells. Sphingolipids are constituents of
the cell membrane, modulators of cellular trafficking, and precursors for mediators and
messenger molecules. They play an important role in gut homeostasis, intestinal barrier
integrity, immune responses, and composition of the gut microbiome [30]. Additionally,
sphingolipids are important mediators of cancer cell growth, migration, transformation,
and drug resistance [31,32]. In particular, ceramide, the end product of glucocerbrosidase,
has a beneficial effect against cancer by inhibiting many of these processes. Therefore,
sphingolipid dynamics should be studied before considering the use of iminosugars to
treat intestinal diseases and cancer.

Furthermore, staining of intracellular glycogen indicated that iminosugars influence
not only lipid but also glycogen metabolism. Glycogen is an intracellular polymer consist-
ing of a-(1,4) and a-(1,6) bound glucose units. Its synthesis requires glucose transport inside
the cell and multiple phosphorylation and isomerization reactions to generate UDP-glucose
as a donor. On the other hand, glycogen is mobilized by an interplay of glycogen phospho-
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rylases, glycogen detangling enzyme and lysosomal degradation by a-glycosidases, and the
glucose-6-phosphatase system [33]. In Caco-2 cells treated for 13 days, a visible reduction
in glycogen accumulation was observed in cells treated with all tested iminosugars, espe-
cially FGM. The literature reports that FGM can reduce postprandial blood glucose levels
upon intake of sucrose and starch by inhibiting disaccharidase activity [34]. Likewise, the
antihyperglycemic action of MGLT is caused by a reversible inhibition of membrane-bound
intestinal a-glucoside hydrolase enzymes [35]. Membrane-bound intestinal x-glucosidases
hydrolyze oligosaccharides and disaccharides to glucose and other monosaccharides in
the brush border of the small intestine. Yet, in our cell culture setup, such brush border
disaccharidase activity is not needed as monomeric glucose is the only external sugar
source. Furthermore, if iminosugars such as FGM and MGTL would inhibit intracellular
a-glycosidases responsible for glycogen mobilization, we would expect a higher instead of a
lower glycogen content. Such an increase in glycogen content, especially in liver and muscle
tissues, was reported upon DNJ administration to a diabetic tilapia model [36]. Although
in normal tilapia, no changes in the activity of enzymes involved in glycogen synthesis
were observed, DNJ caused a significant increase in hexokinase, glucose-6-phosphate dehy-
drogenase, glucose-6-phosphatase, and fructose 1,6-biphosphase. The glycogen content
and these enzymatic activities were not studied in intestinal tissue, so it remains unknown
how iminosugars affect glucose dynamics in the intestinal cells.

Microscopic images not only revealed differences in lipid and glycogen content in
Caco-2 cells but also showed three distinct phenotypes in monolayer organization: (i) a high
distribution of nutrients in both flat and elongated cells (untreated), (ii) a low distribution
in flat cells while a high content was maintained in elongated cells (DNJ, MGLT, TBN-DNJ,
IFGM), and (iii) a general ‘flattening’ of the monolayer with relatively low and more equal
distribution (NN-DNJ and FGM). These altered phenotypes of epithelial monolayers may
indicate important changes in differentiation and tissue architecture. Indeed, DNJ has
been shown to inhibit the expression of MMP2 and MMP9, upregulate TIMP-2, and alter
cell surface glycan-binding motifs, which are crucial in extracellular matrix remodeling,
differentiation, and migration of tumor-derived cells [37].

One important observation was that the more tumorigenic and metastatic HCT-116
cell line was less susceptible to changes in lipid and glycogen accumulation, and the cell
monolayer was less differentiated compared to the long-term-treated Caco-2 cell line. This
may be due to the fact that cancer cells inherently have higher lipid and glycogen stores to
meet the higher demand for substrates for energy production and biosynthesis of rapidly
dividing cells, to overcome changing tissue environments, cope with oxidative stress, and
facilitate cell-cell signaling to promote cell proliferation [38].

5. Conclusions

This study provides valuable insights into the effects of various iminosugars on
cellular energy metabolism, nutrient distribution, and tissue architecture, representing a
significant advancement in this field. A thorough review of the available literature did not
identify previous studies specifically addressing this issue, highlighting the originality and
relevance of the present work. By filling this gap, our results offer a novel contribution
to the field, opening new perspectives for future research aimed at understanding how
iminosugars, both natural and synthetically derived, influence cellular bioenergetics.

In particular, this study demonstrates that iminosugars alter cell growth in colon
cancer Caco-2 and HCT-116 cells in a sugar- and environment-specific way, reducing their
basal respiration and spare mitochondrial capacity while increasing glycolysis and lactate
production. Moreover, long-term treatment induces changes in the substrate preferences
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for energy metabolism and alters lipid and glycogen deposits in intestinal monolayers.
These changes in nutrient deposits are accompanied by alterations in tissue organization.

Despite these promising results, our study has some limitations. In vitro models,
although representative, cannot fully replicate the complexity of the biological environment
in vivo. Therefore, future studies should focus on clinical trials to further investigate the
systemic effects of iminosugars in humans. In conclusion, this study demonstrates the
potential of iminosugars in modulating cellular metabolism, opening new perspectives for
cancer treatment. Future research should focus on dose optimization, safety assessment,
and the integration of these compounds into innovative therapeutic approaches.
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Abbreviations

DNJ

1-deoxynojirimycin

FGM D-fagomine

IFGM Isofagomine

MGTL Miglitol

NN-DN]J N-(n-Nonyl)deoxynojirimycin

TBN-DN]J 2,3,4,6-Tetra-O-benzyl-(+)-1-deoxynojirimycin
ASSPC Active-site-specific pharmacological chaperone
DMEM Dulbecco’s modified Eagle’s medium

DPBS Dulbecco’s phosphate-buffered saline

FBS Fetal Bovine Serum

SRB Sulforhodamine B

ETC electron transport chain

oM Oligomyecin

FCCP Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
R/AM Rotenone/Antimycin

Eto Etomoxir

PAS Periodic acid-Schiff

ANOVA One-way analysis of variance

Res. Resazurin metabolic activity assay

SD Standard deviation

OCR Oxygen consumption rate

ECAR Extracellular acidification rate

N-Butyl-DN]J N-butyl-1-deoxynojirimycin

N-dodecyl-DNJ
ROS

N-dodecyl-1-deoxynojirimycin
Reactive oxygen species


https://doi.org/10.5281/zenodo.15310495

Foods 2025, 14,1713 16 of 17

References

1. Horne, G.; Wilson, EX,; Tinsley, J.; Williams, D.H.; Storer, R. Iminosugars Past, Present and Future: Medicines for Tomorrow.
Drug Discov. Today 2011, 16, 107-118. [CrossRef] [PubMed]

2. Conforti, I.; Marra, A. Iminosugars as Glycosyltransferase Inhibitors. Org. Biomol. Chem. 2021, 19, 5439-5475. [CrossRef]
[PubMed]

3. Nash, R].; Penkova, Y.B. Iminosugars: Highly Functional but Elusive Natural Ingredients. Nutraceuticals Now 2021, 76, 7-8.

4. Segura, S.P. Selectively Improvement of the Response of Immune Cells to Opportunistic Microorganisms: An Innovative Proposal
for IBD from an Ancient Grain. Inflam. Bowel Dis. 2022, 28, S28-529. [CrossRef]

5. Sumit, I.S.A. The Emerging Polyhydroxyazepane-Based C-Glycosides for Glycosidase Inhibition. In Synthetic Strategies in
Carbohydrate Chemistry; Tiwari, VK., Ed.; Elsevier: Amsterdam, The Netherlands, 2024; pp. 187-226, ISBN 978-0-323-91729-2.

6. Lim, HJ,; Siziya, LN.; Seo, M.-J. Verification and Applications of 1-Deoxynojirimycin Biosynthesis: Recent Advances and Future
Prospects. Process Biochem. 2024, 141, 118-131. [CrossRef]

7. Kang, K.-D.; Cho, Y.S; Song, ]. H.; Park, Y.S.; Lee, ].Y.; Hwang, K.Y.; Rhee, S.K.; Chung, ]. H.; Kwon, O.; Seong, S.-I. Identification
of the Genes Involved in 1-Deoxynojirimycin Synthesis in Bacillus Subtilis MORI 3K-85. . Microbiol. 2011, 49, 431-440. [CrossRef]

8.  Mellor, H.R,; Platt, EM.; Dwek, R.A_; Butters, T.D. Membrane Disruption and Cytotoxicity of Hydrophobic N-Alkylated Imino
Sugars Is Independent of the Inhibition of Protein and Lipid Glycosylation. Biochem. J. 2003, 374, 307-314. [CrossRef]

9. Thirumal Kumar, D.; Iyer, S.; Christy, ].P; Siva, R.; Tayubi, I.A.; George Priya Doss, C.; Zayed, H. Chapter Eight-A Comparative
Computational Approach toward Pharmacological Chaperones (NN-DNJ and Ambroxol) on N370S and L444P Mutations Causing
Gaucher’s Disease. In Advances in Protein Chemistry and Structural Biology; Donev, R., Ed.; Molecular Chaperones in Human
Disorders; Academic Press: Cambridge, MA, USA, 2019; Volume 114, pp. 315-339.

10. Ardes-Guisot, N.; Alonzi, S.D.; Reinkensmeier, G.; Butters, D.T.; Norez, C.; Becq, F.; Shimada, Y.; Nakagawa, S.; Kato, A.; Blériot,
Y.; et al. Selection of the Biological Activity of DNJ Neoglycoconjugates through Click Length Variation of the Side Chain. Organic.
Biomol. Chem. 2011, 9, 5373-5388. [CrossRef]

11.  Bernacki, R.J.; Niedbala, M.].; Korytnyk, W. Glycosidases in Cancer and Invasion. Cancer Metast Rev. 1985, 4, 81-101. [CrossRef]

12.  Nash, R].; Kato, A.; Yu, C.-Y.; Fleet, G.W.]. Iminosugars as Therapeutic Agents: Recent Advances and Promising Trends. Future
Med. Chem. 2011, 3, 1513-1521. [CrossRef]

13.  Achilli, T.-M.; Meyer, J.; Morgan, J.R. Advances in the Formation, Use and Understanding of Multi-Cellular Spheroids. Expert
Opin. Biol. Ther. 2012, 12, 1347-1360. [CrossRef] [PubMed]

14. Chen, X.; Abdallah, M.E,; Grootaert, C.; Rajkovic, A. Bioenergetic Status of the Intestinal and Hepatic Cells after Short Term
Exposure to Fumonisin Bl and Aflatoxin B1. Int. ]. Mol. Sci. 2022, 23, 6945. [CrossRef]

15. Cunha, A; Silva, PM.A ; Sarmento, B.; Queirés, O. Targeting Glucose Metabolism in Cancer Cells as an Approach to Overcoming
Drug Resistance. Pharmaceutics 2023, 15, 2610. [CrossRef] [PubMed]

16. Watson, A.A.; Fleet, G.WJ.; Asano, N.; Molyneux, R.J.; Nash, R.J. Polyhydroxylated Alkaloids—Natural Occurrence and
Therapeutic Applications. Phytochem 2001, 56, 265-295. [CrossRef]

17.  Faber, E.D.; Broek, L.A.G.M.v.D.; Oosterhuis Ellen, E.Z.; Stok Bert, P.; Meijer, D.K.E. The N-Benzyl Derivative of the Glucosidase
Inhibitor 1-Deoxynojirimycin Shows a Prolonged Half-Life and a More Complete Oral Absorption in the Rat Compared with the
N-Methyl Analog. Drug Deliv. 1998, 5, 3—12. [CrossRef] [PubMed]

18. Esposito, A.; D’Alonzo, D.; D’Errico, S.; De Gregorio, E.; Guaragna, A. Toward the Identification of Novel Antimicrobial Agents:
One-Pot Synthesis of Lipophilic Conjugates of N-Alkyl d- and I-Iminosugars. Mar. Drugs 2020, 18, 572. [CrossRef] [PubMed]

19. Cox, TM.; Aerts, ] M.EG.; Andria, G.; Beck, M.; Belmatoug, N.; Bembi, B.; Chertkoff, R.; Vom Dahl, S.; Elstein, D.; Erikson,
A.; et al. The Role of the Iminosugar N-Butyldeoxynojirimycin (Miglustat) in the Management of Type I (Non-Neuronopathic)
Gaucher Disease: A Position Statement. J. Inherit. Metab. Dis. 2003, 26, 513-526. [CrossRef]

20. Wang, J.-Z.; Shimadate, Y.; Kise, M.; Kato, A.; Jia, Y.-M.; Li, Y.-X,; Fleet, GWJ.; Yu, C.-Y. Trans, Trans-2-C-Aryl-3,4-
Dihydroxypyrrolidines as Potent and Selective 3-Glucosidase Inhibitors: Pharmacological Chaperones for Gaucher Disease. Eur.
J. Med. Chem. 2022, 238, 114499. [CrossRef]

21. Yu, L; Lu, M,; Jia, D.; Ma, J.; Ben-Jacob, E.; Levine, H.; Kaipparettu, B.A.; Onuchic, ].N. Modeling the Genetic Regulation of
Cancer Metabolism: Interplay between Glycolysis and Oxidative Phosphorylation. Cancer Res. 2017, 77, 1564-1574. [CrossRef]

22. Jia, D.; Park, J.H,; Jung, K.H.; Levine, H.; Kaipparettu, B.A. Elucidating the Metabolic Plasticity of Cancer: Mitochondrial
Reprogramming and Hybrid Metabolic States. Cells 2018, 7, 21. [CrossRef]

23. de la Cruz-Lépez, K.G.; Castro-Mufioz, L.]J.; Reyes-Hernandez, D.O.; Garcfa-Carrancd, A.; Manzo-Merino, J. Lactate in the
Regulation of Tumor Microenvironment and Therapeutic Approaches. Front. Oncol. 2019, 9, 1143. [CrossRef]

24. Jalil, A.T.; Abdulhadi, M.A.; Alkubaisy, S.A.; Thejeel, S.H.; Essa, LM.; Merza, M.S.; Zabibah, R.S.; Al-Tamimi, R. The Role of

Endoplasmic Reticulum Stress in Promoting Aerobic Glycolysis in Cancer Cells: An Overview. Pathol. Res. Pract. 2023, 251, 154905.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.drudis.2010.08.017
https://www.ncbi.nlm.nih.gov/pubmed/20817006
https://doi.org/10.1039/D1OB00382H
https://www.ncbi.nlm.nih.gov/pubmed/33881114
https://doi.org/10.1093/ibd/izac015.043
https://doi.org/10.1016/j.procbio.2024.03.013
https://doi.org/10.1007/s12275-011-1238-3
https://doi.org/10.1042/bj20030348
https://doi.org/10.1039/c1ob05119a
https://doi.org/10.1007/BF00047738
https://doi.org/10.4155/fmc.11.117
https://doi.org/10.1517/14712598.2012.707181
https://www.ncbi.nlm.nih.gov/pubmed/22784238
https://doi.org/10.3390/ijms23136945
https://doi.org/10.3390/pharmaceutics15112610
https://www.ncbi.nlm.nih.gov/pubmed/38004589
https://doi.org/10.1016/S0031-9422(00)00451-9
https://doi.org/10.3109/10717549809052021
https://www.ncbi.nlm.nih.gov/pubmed/19570011
https://doi.org/10.3390/md18110572
https://www.ncbi.nlm.nih.gov/pubmed/33228211
https://doi.org/10.1023/A:1025902113005
https://doi.org/10.1016/j.ejmech.2022.114499
https://doi.org/10.1158/0008-5472.CAN-16-2074
https://doi.org/10.3390/cells7030021
https://doi.org/10.3389/fonc.2019.01143
https://doi.org/10.1016/j.prp.2023.154905
https://www.ncbi.nlm.nih.gov/pubmed/37925820

Foods 2025, 14,1713 17 of 17

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Zhu, J.; Zhou, Y.; Wang, G.-N.; Tai, G.; Ye, X.-S. Cell Cycle Arrest, Apoptosis and Autophagy Induced by Iminosugars on K562
Cells. Eur. J. Pharmacol. 2014, 731, 65-72. [CrossRef] [PubMed]

Varadharaj, V.; Petersen, W.; Batra, S.K.; Ponnusamy, M.P. Sugar Symphony: Glycosylation in Cancer Metabolism and Stemness.
Trends Cell Biol. 2024. [CrossRef] [PubMed]

Scheper, A.E; Schofield, |.; Bohara, R.; Ritter, T.; Pandit, A. Understanding Glycosylation: Regulation through the Metabolic Flux
of Precursor Pathways. Biotechnol. Adv. 2023, 67, 108184. [CrossRef]

Wang, N.; Zhu, F,; Chen, K. 1-Deoxynojirimycin: Sources, Extraction, Analysis and Biological Functions. Natural. Prod. Com.
2017, 12, 1521-1526. [CrossRef]

Peng, Y,; Liou, B.; Lin, Y; Fannin, V.; Zhang, W.; Feldman, R.A.; Setchell, K.D.R.; Grabowski, G.A.; Sun, Y. Substrate Reduction
Therapy Reverses Mitochondrial, mTOR, and Autophagy Alterations in a Cell Model of Gaucher Disease. Cells 2021, 10, 2286.
[CrossRef]

Rohrhofer, J.; Zwirzitz, B.; Selberherr, E.; Untersmayr, E. The Impact of Dietary Sphingolipids on Intestinal Microbiota and
Gastrointestinal Inmune Homeostasis. Front. Immunol. 2021, 12, 635704. [CrossRef]

Li, R-Z.; Wang, X.-R.; Wang, J.; Xie, C.; Wang, X.-X,; Pan, H.-D.; Meng, W.-Y,; Liang, T.-L.; Li, J.-X.; Yan, P.-Y;; et al. The Key
Role of Sphingolipid Metabolism in Cancer: New Therapeutic Targets, Diagnostic and Prognostic Values, and Anti-Tumor
Immunotherapy Resistance. Front. Oncol. 2022, 12, 941643. [CrossRef]

Watek, M.; Piktel, E.; Wollny, T.; Durnas, B.; Fiedoruk, K.; Lech-Maranda, E.; Bucki, R. Defective Sphingolipids Metabolism and
Tumor Associated Macrophages as the Possible Links Between Gaucher Disease and Blood Cancer Development. Int. J. Mol. Sci.
2019, 20, 843. [CrossRef]

Adeva-Andany, M.M.; Gonzélez-Lucédn, M.; Donapetry-Garcia, C.; Ferndndez-Fernandez, C.; Ameneiros-Rodriguez, E. Glycogen
Metabolism in Humans. BBA Clin. 2016, 5, 85-100. [CrossRef] [PubMed]

Go6mez, L.; Molinar-Toribio, E.; Calvo-Torras, M.A.; Adelantado, C.; Juan, M.E.; Planas, ].M.; Cafias, X.; Lozano, C.; Pumarola,
S.; Clapés, P; et al. D-Fagomine Lowers Postprandial Blood Glucose and Modulates Bacterial Adhesion. Br. J. Nutr. 2012, 107,
1739-1746. [CrossRef] [PubMed]

Miglitol. Available online: https://go.drugbank.com/drugs/DB00491 (accessed on 27 March 2025).

Latha, R.; Banu, G.S. 1-Deoxynojirimycin Mitigates Glycogen and Carbohydrate Metabolic Enzyme Alterations in High Glucose-
Induced Diabetic Tilapia: Implications for Therapeutic Intervention. Bull. Pure Appl. Sci. Zool. 2025, 42A, 291-304. [CrossRef]
Wang, R.-J.; Yang, C.-H.; Hu, M.-L. 1-Deoxynojirimycin Inhibits Metastasis of B16F10 Melanoma Cells by Attenuating the Activity
and Expression of Matrix Metalloproteinases-2 and -9 and Altering Cell Surface Glycosylation. J. Agric. Food Chem. 2010, 58,
8988-8993. [CrossRef]

Hasani, S.; Young, L.E.A.; Van Nort, W.; Banerjee, M.; Rivas, D.R,; Kim, J.; Xiong, X.; Sun, R.C.; Gentry, M.S.; Sesaki, H.; et al.
Inhibition of Mitochondrial Fission Activates Glycogen Synthesis to Support Cell Survival in Colon Cancer. Cell Death Dis.
2023, 14, 664. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ejphar.2014.03.013
https://www.ncbi.nlm.nih.gov/pubmed/24657462
https://doi.org/10.1016/j.tcb.2024.09.006
https://www.ncbi.nlm.nih.gov/pubmed/39462722
https://doi.org/10.1016/j.biotechadv.2023.108184
https://doi.org/10.1177/1934578X1701200934
https://doi.org/10.3390/cells10092286
https://doi.org/10.3389/fimmu.2021.635704
https://doi.org/10.3389/fonc.2022.941643
https://doi.org/10.3390/ijms20040843
https://doi.org/10.1016/j.bbacli.2016.02.001
https://www.ncbi.nlm.nih.gov/pubmed/27051594
https://doi.org/10.1017/S0007114511005009
https://www.ncbi.nlm.nih.gov/pubmed/22017795
https://go.drugbank.com/drugs/DB00491
https://doi.org/10.48165/bpas.2023.42A.2.9
https://doi.org/10.1021/jf101401b
https://doi.org/10.1038/s41419-023-06202-3

	Introduction 
	Materials and Methods 
	Chemicals 
	Cell Culture and Exposure 
	Resazurin Assay 
	Sulforhodamine B Assay 
	IncuCyte Live Cell Imaging 
	Seahorse Extracellular Flux Assays 
	AdipoRed Staining 
	Periodic Acid–Schiff (PAS) Staining 
	Statistics 

	Results 
	Iminosugars Affect Cell Viability of Intestinal Cell Lines 
	Iminosugars Affect Energy Metabolism in HCT-116-Derived Spheroids 
	Iminosugars Induce Shifts in Substrate Use for Energy Metabolism 

	Discussion 
	Iminosugars Decrease Cell Growth Depending on Iminosugar Structure, Presence of Glucose in the Medium, and Cell Type and Architecture 
	Iminosugars Decrease Maximal Respiratory Capacity and Increase Glycolysis 
	Iminosugars Alter Lipid and Glycogen Deposits in Intestinal Monolayers and Affect Tissue Organization 

	Conclusions 
	References

