
Therapeutic Impact of Nano Diosgenin on Metabolic 
Reprogramming in an Animal Model of Mammary 
Oncogenesis Modulating Carbohydrate Metabolizing 
Enzymes

Breast cancer is the most prevailing malignant tumor in 
women and the second capital source of cancer fatali-

ties. It is marked by a stack of genetic mutations and gene 
deregulations, culminating in unrestrained cell growth that 

mandates higher energy output and macromolecule bio-
synthesis.[1,2] In order to handle such an increasing meta-
bolic load, malignant cells often modify their biochemical 
pathways to expedite instant uptake and breakdown of 
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nutrients which promotes disease metamorphosis, main-
tenance, and progression. Therefore, emerging facts point 
out that it is not only a genetic disease, but also a meta-
bolic disorder, with oncogenic signaling pathways partak-
ing in energy regulation and anabolism to endorse rapidly 
spreading tumors.[3] These pioneering insights afforded 
the template for a contemporary explosion of interest in 
cancer metabolism studies, which has led revelations of 
multiple metabolic networks being overactivated and/or 
reprogrammed in cancer cells.

Metabolic reprogramming is thus seen as a cornerstone 
of cancer. Noticeably, metabolic reprogramming and its 
intricate regulatory circuits have an indispensable impact 
on breast cancer progression and advancement.[4] The 
Warburg Effect, a pivotal facet of energy metabolism that 
turns glucose into lactate often in the presence of abun-
dant oxygen, is vital for breast cancer cell growth, longev-
ity, metastasis, and therapeutic resilience. Rising findings 
states that limiting the Warburg effect were now been 
proven to be beneficial in suppressing breast cancer pro-
liferation and metastasis. As a consequence, a stronger 
awareness of the Warburg Effect’s regulatory mechanism, 
primarily the core glycolytic enzymes engaged in aerobic 
glycolysis, might aid in the invention of glycolysis-based 
breast cancer therapeutics.[5] Regardless of whether they 
are in a normoxic or hypoxic milieu, all cancerous cells em-
ploy glycolysis as a source of energy. Majority of the cel-
lular glucose reaches the TCA cycle as pyruvate in healthy 
cells. However, glucose might be consumed for lactate 
generation or macromolecular synthesis  through the 
pentose phosphate pathway. One molecule of glucose is 
turned into two molecules of pyruvate in glycolysis, which 
are principally oxidized to yield acetyl-CoA, which fuels 
the TCA cycle. Conversely, under hypoxic circumstances, 
pyruvate can be translated to lactate. Progression through 
the TCA cycle ensues when elevated energy prerequisites 
arise. Gluconeogenesis, a process that is reciprocally con-
trolled with glycolysis in order to retain the cell's metabo-
lism optimal, may also produce glucose. Originally, it was 
hypothesized that these metabolic alterations were due 
to disruption in mitochondrial oxidative phosphorylation, 
signifying that cancer cells were struggling to respire ef-
ficaciously to get adequate ATP.[6, 7] Moreover, in intact gly-
colytic cancer cells, only 10% of the pyruvate reaches a 
curtailed Krebs cycle. The dysregulation of action of the 
Krebs cycle enzymes promotes a drop in cumulative net 
ATP synthesis in the presenter cells which contributes to 
a depletion of body weight and, as a response, cancer ca-
chexia arises.

At present, applicable breast cancer therapeutic ap-

proaches still remain as a palliative care and none of them 
relies under curative care. As current conventional modal-
ities such as surgery, radiation therapy, hormonal therapy, 
and immunotherapy have proven ineffective, resulted in 
a clinical deficit owing to drastic health consequences 
and multidrug resistance. One of the prime peculiarities 
of cancer therapeutic interventions is the potential to ac-
quire remit, which is almost invariably accompanied by 
resurgence.[8] Therefore, nutritional therapy seems to be 
an integral aspect of cancer cachexia therapeutics and it 
can even assist to limit the progress of cancer in certain 
instances. According to an accumulating amount of evi-
dence, a multitude of micronutrients exhibit anti-cancer 
qualities.[9] Recently, countless cancer researchers are fo-
cused on the naturally procured dietary steroidal sapo-
nins as a curative target for multiple cancers. As several 
reports exist on its in vitro and in vivo cytotoxicity domain, 
steroidal saponins have been posed as a proven prom-
ising therapeutic candidate for a variety of cancers.[10] 
Among various food saponins, Diosgenin (DG) (3β,25R)-
spirost-5-en-3-ol, a potent steroidal sapogenin seems to 
be explicitly employed as a core ingredient in countless 
traditional and patented Chinese medicines owing to its 
epic multi-layered therapeutic treasures. It was primarily 
spotted on Dioscorea species, Heterosmilax species, and 
Trigonella foenum-graecum. It is also abundantly visible in 
the tubers of diverse wild yams (Dioscorea villosa Linn). 
Although, it was detected in 137 distinct Dioscorea spp., 
41 of them will have upwards of 1% DG matter. Fenugreek 
seeds (Trigonella foenum graecum Linn) and Dioscorea 
zingiberensis rhizomes are also strong suppliers of DG. Be-
sides that, Trillium govanianum and Costus speciosus com-
prise nearly 2.5% and much more than 2.12% DG content, 
respectively.[11] Thereby, promises to be a fruitful bioactive 
chief compound of interest for breast cancer prevention 
and therapy at both biochemical and molecular levels 
with zero level of toxicity.[12] Although it has an expansive 
chemotherapeutic repertoire in treating divergent can-
cers, its pharmaceutical formulation has been hampered 
by its poor aqueous solubility (0.02 mg/L), inadequate 
bioavailability and pharmacokinetics, and rapid bio-
transformation under several physiological conditions.
[13] To enhance its therapeutic profile, we formulate DG 
nanoparticles using CS as an encapsulated carrier which 
culminates in an improved bioavailability, strong drug 
payload, and controlled drug delivery at the target site. 
Therefore, with this background, we designed the current 
study to unravel the therapeutic impact of nano DG on 
metabolic reprogramming in an animal model of mam-
mary oncogenesis through modulating carbohydrate me-
tabolizing enzymes. 
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Methods

Chemicals
DG, Chitosan, 7,12 Dimethyl benz(a)anthracene (DMBA), 
and sodium tripolyphosphate (TPP) were purchased from 
Sigma-Aldrich Co. Ltd. All additional chemicals including 
solvents used were of high purity and of analytical grade 
marketed by HiMedia, Sisco Research Laboratories Pvt. 
Ltd., Mumbai, India, and from local commercial outlets.

Preparation of DG@CS-NP
DG encapsulated Chitosan nanoparticle (DG@CS-NP) was 
fabricated using Ionic gelation method which is based on 
electrostatic interactions between cationic CS and anionic 
TPP as a cross-linker.[14] CS-NP synthesis procedure has been 
optimized at different concentration levels and dissolved in 
1% (v/v) of glacial acetic acid. The solution was stirred con-
tinuously for overnight at room temperature and the solu-
tion pH was balanced to 5.0 using 1 M NaOH. DG at three 
different concentrations (25, 50, and 100 mg) (dissolved at 
0.5 % (v/v) of DMSO) was then added to the freshly made CS 
dispersion and stirred for 1 h. After that, an equal amount 
of TPP (1 mg/ml) was added to the CS-DG solution with a 
mild stirring effect. The resultant mixture solution has been 
allowed to stir for 1 h to form DG@CS-NP. The entire proce-
dure was performed under room temperature. Prepared 
nanoparticles have been separated by centrifugation. The 
pellets were collected and dried and stored in a refrigerator 
at 4°C for future evaluation. These lyophilized samples were 
further characterized by UV-visible spectroscopy, Encapsula-
tion efficiency (EE), drug loading capacity, FTIR assessments, 
in vitro drug release study, X-ray diffraction analysis (XRD), 
and also by thermogravimetric analysis (TGA).

Characterization of DG@CS-NP

UV-Visible Spectroscopy
UV-visible spectra were collected from the UV-visible spec-
trophotometer, Shimadzu UV-1800 model, Japan. All spec-
tra were recorded by measuring between 200 and 800 nm 
and corrected against CS as background.

Diosgenin Loading Efficiency
The proportion of DG suffocated in the nanocomposites sys-
tem has been quantified obliquely by calculating the ratio 
of DG residing in the supernatant on the basis of sample ab-
sorption at 250 nm. The standard curve was obtained and 
the absorbance of the sample was gauged in 3 mL quartz 
cuvettes utilizing Shimadzu UV-1800. Assessment besides 
validating the amount of drug stuffed into nanomaterials is 
the entrapping efficacy of drug (EE). The determination of 

the EE allows for the optimization of the amount added, the 
reduction of the waste and is defined as follows:

EE = [Drug Total – Drug Free / Drug Total] × 100

Loading Capacity = [Drug Total – Drug Free / Weight of nanopar-
ticle] × 100

Entrapment efficiency is an interpretation of the quantity 
of the drug trapped inside the nanocomposite as it relates 
to the initial drug loading it. 100% EE means that the whole 
quantity of the drug added has been integrated into the 
nanoparticle.

FT-IR Analysis 
The FT-IR sample spectra were measured using a Perkin-
Elmer, FT-IR spectrophotometer, USA, within a range of 
4000–400 cm−1. FTIR is used to validate a cross-linking in-
teraction between both the TPP phosphoric group and the 
DG@CS amino group. The pellets have been formulated by 
homogeneously dried composition in dried KBr in a mor-
tar and pestle, and then the powder was compacted under 
vacuum using a round, flat-sided smash to deliver com-
pressed pellets. Approximately, 5 mg of the sample was 
mixed with 100 mg KBr and compacted into a pellet using 
such hydraulic press. All spectra were corrected against the 
KBr pellet reference spectrum.

In Vitro Drug Release 
In vitro drug release study was performed in the PBS me-
dium according to Dudhani and Kosaraju.[15] DG@CS-NP 10 
mg/ml was resuspended in a dialysis membrane bag with 
a molecular cut off of 10 kDa. The membrane bag has been 
placed in 20 ml of PBS (pH 7.4) under magnetic stirring at 
120 rpm, temperatures maintained at 37°C. The amount of 
DG that was released from the dialysis bag was calculated 
at various time intervals (5, 10, 15, 20, 25, 35, 45, 55, 65, and 
75 h) by measuring the absorbance values at 390 nm. A cal-
ibration curve was plotted with the concentration against 
the absorbance values. Results collected from the in vitro 
drug release for formulation in different release media have 
been adapted to different kinetic models. Each evaluation 
was done in a triplicate and the release of DG has been cal-
culated from the following equation:

Release rate (%) = [Released DG/Total DG] × 100

XRD Analysis 
The metallic nature of the resultant nanoparticles was 
probed using the XRD technique. The synthesized DG@CS-
NP was centrifuged for 5 min at 8000 rpm. The resultant 
plate was then centrifuged 3 times after being dissolved in 
10 mL of sterile deionized water, and it was dried for 24 h in 
a vacuum oven. The generated nanoparticle’s structure and 
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content were finally examined using XRD (Philips Xpert Pro, 
The Netherlands, Amsterdam).[16]

TGA Analysis 
A Perkin-Elmer Model of TGA-7 thermogravimetric system 
with a microprocessor driven temperature control unit 
and a TA data station was used. The mass of the samples 
was generally in the range of 2–3 mg. The sample pan was 
placed in the balance system equipment and the tempera-
ture was raised from 25 to 800°C at a heating rate of 10°C 
per minute with the nitrogen flow rate of 50 cm3/min. The 
mass of the sample pan was continuously recorded as a 
function of temperature.

Animal Model
Six to eight weeks old adult female Sprague Dawley rats 
weighing 130–150 g was purchased from Biogen Labora-
tory Animal Facility, Bangalore, India. Animals were housed 
in six spacious polypropylene cages under typical laboratory 
norms: temperature (27±2°C) and humidity (55±5%) with a 
12 h light/dark cycle and standard food and water provided 
in the Central animal house, Rajah Muthiah Medical College, 
and Hospital, Annamalai University. The rats were allowed a 
week to acclimatize before the trial began. The experimental 
approach was officially validated by Annamalai University’s 
Institutional Animal Ethics Committee (IAEC) directed by the 
Committee for the Purpose of Control and Supervision of 
Experimental Animals (CPCSEA) (Registration number 160/
PO/ReBi/S/1999/CPCSEA). (Proposal No. 1241 dated April 23, 
2019). The animals were maintained by in accordance with 
the Indian National Law on Animal Care and Use, as well as 
the Annamalai University’s ethical committee for animal ex-
perimentation’s specifications and suggestions.

Tumour Induction
Female Sprague Dawley rats were administered with DMBA 
(25 mg/kg body weight), a dose intended to make sufficient 
tumor incidence in the control group over the course of the 
study. The DMBA was dissolved in a 1 mL emulsion of sun-
flower oil (0.75 mL) and physiological saline (0.25 mL).[17]

Experimental Design
The animals were sorted into six groups, each with six 
animals, and were assigned randomly to the experimental 
and control groups. As a control, animals from Group I were 
used. Groups II-V were administered a single subcutaneous 
injection of 25 mg/kg b.wt DMBA during the 1st week of the 
trial. After 7 weeks, Groups III and IV were received DG and 
DG@CS-NP 3 times a week (using oral gavage tube), at 10 
mg/kg b.wt and 5 mg/kg b.wt (1 mL) separately. Groups V 
and VI rats were administered CS-NP and free DG@NP orally 

3 times a week (21 days) at a dose of 5 mg/kg b.wt. The dos-
age used in this analysis is premised on the previous litera-
ture.[18, 19] The experiment was terminated after 14 weeks, 
and all rats were sacrificed by administering ketamine at 
a dose of 60 mg/kg body weight. Blood was collected in 
heparinized tubes and centrifuged at 1000× g for 15 min to 
separate serum and plasma. The biochemical analysis was 
conducted using such samples. The liver and kidney tissue 
were quickly dissected, washed thoroughly using ice-cold 
saline. Then a part of the tissue was homogenized in 0.1M 
Tris hydrochloric acetic acid buffer (pH=7.4) before being 
centrifuged at 3000g for 10 min at 40°C. The supernatant 
was collected and processed to assess specific biochemical 
parameters.

Biochemical Analysis

Assessment on Carbohydrate Metabolizing En-
zymes
Hexokinase (HK) activity was assessed in terms of the 
amount of glucose used after the addition of ATP.[20] The 
activity of aldolase was measured using the King (1965)
[21] technique, which used fructose-1, 6-diphosphatase 
(F1,6-DP) as a substrate and dinitrophenyl hydrazine as a 
coloring reagent. According to Gracy and Tilley’s (1975)[22] 
approach, phosphoglucoisomerase (PGI) was tested using 
2, 6-dichlorophenol indophenols dye. The activity of glu-
cose-6-phosphate dehydrogenase (G-6PD) was quantified 
in terms of the quantity of inorganic phosphorus released 
after the addition of the substrate glucose-6-phosphate 
(G-6P) using the Ells and Kirkman (1961)[23] technique. The 
activity of G-6P and F1,6-DP was measured[24] in aspects of 
the quantity of inorganic phosphorus liberated when their 
respective substrates, G-6P and, F1,6-DP were added. The 
integrity of mitochondria was evaluated by quantifying 
succinate dehydrogenase (SDH) activity using the Slater 
and Bonner (1952)[25] technique, which estimates the rate 
of potassium ferricyanide reduction. The activity of malate 
dehydrogenase (MDH) was determined using the Mehler 
et al. (1948)[26] approach.

Estimation of Hexokinase 
The incubation mixture contains 2.5 mL of buffer, 1.0 mL 
of substrate, 0.5 mL of ATP, 0.1 mL of each of MgC12, NaF, 
0.4 mL each of dipotassium hydrogen phosphate and po-
tassium chloride and 2.5 mL of Tris-HCI buffer (pH 8.0). The 
mixture was pre-incubated at 37°C for 5 min. The reaction 
was initiated by the addition of 2.0 mL of tissue homog-
enate. 1.0 mL aliquot of the reaction mixture was removed 
immediately into tubes containing 1.0 mL of 10% TCA. A 
second aliquot was removed after 30 min of incubation at 
37°C. The precipitated protein was removed by centrifuga-
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tion and the residual glucose in the supernatant was esti-
mated. A reagent blank was run with each test. The differ-
ence between the two values gave the amount of glucose 
phosphorylated. 

Estimation of Phosphoglucoisomerase 
1.0 mL of buffered substrate and 0.1 mL of enzyme was in-
cubated at 37°C for 30 min. The reaction was arrested by 
adding 1.0 mL of 10% TCA and centrifuged. To 1.0 mL of 
the supernatant, 9.0 mL of color reagent was added and 
heated in water bath at 70°C for 15 min. The standard was 
also treated similarly. The tubes were cooled in running wa-
ter and the color developed was read at 420 nm using a 
spectrophotometer. 

Estimation of Aldolase 
The incubation mixture containing 1.0 mL of buffer, 0.25 
mL of substrate, 0.25 mL of hydrazine sulfate, and 0.1 mL 
of enzyme. This was incubated at 37°C for 15 min. The reac-
tion was terminated by adding 1.0 mL of 10% TCA and the 
tubes were centrifuged. To the aliquot of supernatant, 1.0 
mL of 0.75 N NaOH was added and left at room tempera-
ture for 10 min. The color developed after the addition of 
1.0 ml of 0.75 N NaOH was read at 540 nm using spectro-
photometer. The enzyme activity was expressed as n moles 
of glyceraldehyde formed/mg protein/min. 

Estimation of Glucose-6-Phosphate 
Dehydrogenase 
To 0.4 mL of tris-HCl buffer, 0.2 mL of NADP, 0.2 mL of mag-
nesium chloride, 1.0 mL of water and 0.2 mL of enzyme 
were added in a cuvette. The reaction was started by the 
addition of 0.2 mL of G-6P and the increase in optical den-
sity was measured at 340 nm. 

Estimation of Glucose-6-Phosphatase 
The incubation mixture in a total volume of 1.0 mL con-
tained 0.3 mL of buffer, 0.5 mL of substrate and 0.2 mL of 
enzyme extract. The incubation was carried out at 37°C for 
60 min. The reaction was terminated by the addition of 1.0 
mL of 10% TCA and centrifuged at 2500 rpm for 15 min. The 
suspension was centrifuged and the inorganic phosphate 
content of the supernatant was estimated. 

Estimation of Fructose-1,6-diphosphatase 
The assay mixture in a total volume of 2.0 mL contained 1.5 
mL buffer, 0.1 mL substrate, 0.25 mL MgCI2, 0.1 mL KCl, 0.25 
mL EDTA, and 0.1 mL enzyme. This mixture was incubated at 
37°C for 15 min. The reaction was terminated by the addition 
of 1.0 mL TCA. The suspension was centrifuged and the inor-
ganic phosphate content of the supernatant was estimated. 

Estimation of Succinate Dehydrogenase 
Added 0.75 mL of phosphate buffer, 0.1 mL of KCN, 0.2 mL 
sodium succinate, 1.3 mL water, 0.1 mL DCPIP, and 0.5 mL 
PMS. The reaction was started by the addition of 0.2 mL of 
mitochondrial fraction and the change in absorbance at 
600 nm during the first 3 min at 30 s interval was noted. 
A blank rate (all reagents except succinate) must be deter-
mined separately. 

Estimation of Malate dehydrogenase 
The reaction mixture contains 0.3 mL of phosphate buffer, 0.1 
mL of NADH, 0.1 mL of oxaloacetate and 2.4 mL of water. The 
reaction was carried at 25°C and was started by the addition 
of 0.1 mL of mitochondrial suspension. The control tubes con-
tained all reagents except NADH. The change in OD at 340 nm 
was measured during the first 2 min at 15 s intervals. 

Statistical Analysis
A statistical analysis was performed using SPSS V26.0 (IBM 
SPSS, USA) software package. The data were expressed as 
mean ± standard deviation (SD). One-way analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test was used 
to correlate the difference between the variables. A value 
of p<0.05 was considered statistically significant. 

Results

Characterization of synthesized DG@CS-NP

UV- Visible Spectroscopic Analysis
The UV-Visible spectrum of DG encapsulated CS-NP at 
three different concentrations (25, 50, 100mg) are shown 
in Figure 1. The Plasmon absorption peak appeared at 280 

Figure 1. UV-visible spectrum of DG@CS-NP (25, 50, 100mg).
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nm, stating the formation of DG nanoparticles. It is evident 
from the UV-Visible spectral studies that the size of the 
nanoparticles ranged up to 20 nm.

Encapsulation Efficiency & Loading Capacity of 
DG@CS-NP
Continuing to the DG@CS-NP synthesis, encapsulation and 
loading Efficiency was computed on the basis of spectral 
absorption of UV findings. As shown in Table 1, the optimal 
loading and encapsulation concentration were observed 
by fluctuating the DG volume in the CS/TPP ratio (4:1). The 
drug concentration of 100 mg DG displays an elevated 
encapsulation and loading throughput of 95.29±1.30% 
and 36.56±1.85%. Other concentrations were noted to 
have lessened loading and drug encapsulation efficacy as 
shown in Table 1.

FT-IR Spectrum of DG@CS-NP:
The FTIR spectra of DG@CS-NP (25, 50, and 100 mg) are 
shown in Figure 2. This demonstrates a functional group 
such as -OH stretching at 3257 cm-1 related to alcoholic/
phenolic groups, -C-O ether group throttle vibrations at 
1032 cm-1, C=O torque vibration ester group at 1674 cm-1, 
and C-H Stretching alkane vibration at 2863 cm-1, respec-
tively, to DG. The observed peak of CS was assigned to the 
N-H range of 3463 cm-1 and the transition to the interior 
at the same spectral peak (3374 cm−1) of the DG@CS-NP 
confirms the formation of DG with CS. The N-H bending vi-
bration and the C-O stretching of the alcohol group were 
assigned to 1674 cm−1. C-N, N-H, and C-H stretching vibra-
tions were delegated to the 1324 cm−1, 1510 cm−1, and 2870 
cm−1 bands, respectively. The key characteristic absorption 
spectrum of CS appeared at 1495 cm−1. The resulting com-
plex also showed a lack of C=S (1202 cm−1) and C-N (1373 
cm−1). DG related spectral peaks in DG@CS nanoparticles, 
likely due to the interaction between DG and CS. The de-
cline in the intensity of stretching and the lack of a spectral 
peak could be due to the massive interference of the func-
tional group in the configuration of bonds, implying with 
no structural reforms in the DG@CS-NP.

In-Vitro Drug Release Profile of DG@CS-NP:
The primary motive for pursuing nanocomposites is just to 
deliver the drugs in a controlled and sustained manner. For 

that, recognizing the way and the duration at which they 
released the drug is more important in drug delivery. To 
achieve these information’s, the releasing method must al-
low the drug and the carrier vehicle to segregate separately.
[27] Drug release studies are often used to quantify the du-
ration of the sustained drug release from its carrier. The in 
vitro drug release of DG from DG@CS-NP at different time 
intervals was investigated at three different concentrations 
(25, 50, and 100 mg) and their resulting data are shown in 
Figure 3. This study was implemented in a pH 7.4 phosphate 
buffer at 37°C. Due to the hydrophobic nature of DG, it was 
encapsulated with CS-NP. Typically, hydrophobic substances 
have a sluggish release rate leading to decreased diffusion. 
Conversely, hydrophilic drugs such as cationic polymer CS 
display rapid release due to its elevated soluble in water. 
DG expressed sustained release tendencies with a constant 
growth in cumulative release of drugs up to 75 h. This shows 
a sustainable release of the drug in the composition. It was 
notable that the preparation exhibited an initial release of 
the rupture probably due to the small size of the NPs.

XRD Analysis
Figure 4 displays the XRD patterns of CS and DG@CS-NP 
(100 mg) in their respective forms. The typical peaks of 

Table 1. Encapsulation efficiency & drug loading capacity of DG@CS-NP

Concentration of CS-DG (mg)	 Concentration of DG (mg)	 Encapsulation efficiency (wt %)	 Drug Loading (wt %)

CS- DG-25%	 25	 79.71±1.28	 19.24±1.06
CS- DG -50%	 50	 91.35±1.09	 32.93±1.32
CS- DG-100%	 100	 95.29±1.30	 36.56±1.85

Figure 2. FT-IR spectral analysis of DG@CS-NP (25, 50, 100 mg).
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CS nanoparticles were seen at angles of 12°, 18°, and 25°, 
respectively. Similar peaks were seen in DG@CS-NP, al-
though the strength was less than what was seen in pure 
CS nanoparticles. This might be because the DG was incor-
porated into the CS nanoparticles.

TGA Analysis 
TGA was used to study the thermal decomposition of CS 
and DG@CS-NP (100 mg), and the findings are shown in 
the Figure 5 They displayed a four-step degradation pat-
tern. CS-NP initially lost 10% of its weight when heated 
to 140°C. The second step decomposition of polymer (CS) 
in the graph illustrates with a weight loss of about 12% at 
202°C. DG@CS-NP started its degradation at 206°C, where-

as the melting point is within this range of temperatures. 
At 303°C, the third phase was seen with a weight loss of 7% 
for DG@CS-NP and 50% for CS. However, at 550°C, weight 
loss of almost 90% has been observed in both CS and DG@
CS-NP during the fourth stage of decomposition.

Biochemical Analysis

Impact of DG@CS-NP on Carbohydrate Metaboliz-
ing Enzymes
The effect of DG@CS-NP on the levels of HK, PGI and aldol-
ase activity on mammary, liver and kidney tissues of both 
control and experimental rats were presented in Figures 
6-8. The contents in DMBA-administered rats (Group II) 

Figure 3. In-vitro drug release profile of DG@CS-NP (25, 50, 100mg).

Figure 4. X-ray diffraction analysis of CS and DG@CS-NP (100mg).

Figure 5. Thermogravimetric analysis of CS and DG@CS-NP (100mg).

Figure 6. Impact of DG@CS-NP on the quantities of glycolytic mark-
ers (hexokinase, phosphoglucoisomerase and aldolase) in the mam-
mary tissue of control and experimental rats.

Values are expressed as mean±SD for six rats in each group. Significant 
levels are ###p<0.001 when compared with control group and *p<0.05, 
***p<0.001 when compared with DMBA group.
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were notably higher than in control rats (Group I). In con-
trast to DMBA-induced (Group II) rats HK, PGI and aldolase 
quantities, oral dosing of DG 10mg/kg b.wt (Group III) and 
DG@CS-NP 5mg/kg b.wt (Group IV) resulted in drastically 
reduced tiers of HK, PGI and aldolase. There have been no 
substantial changes between rats treated with free DG@
NP (Group VI) alone and control rats (Group I). Moreover, it 
was proved that DG@CS-NP 5 mg/kg b.wt was much more 
active than DG 10 mg/kg b.wt in influencing the levels of 
glycolytic enzymes.

Figure 9 reveals the proportions of G-6PD enzymic activ-

ity on the mammary, liver and kidney tissues of both the 
control and experimental rats. The levels are much consid-
erably higher in DMBA-administered rats (Group II) than 
those in control rats (Group I). Oral treatment of DG 10mg/
kg b.wt (Group III) and DG@CS-NP 5 mg/kg b.wt (Group IV) 
indicates dramatically reduced G-6PD levels in comparison 
with DMBA-induced (Group II). Conversely, CS-NP 5mg/kg 
b.wt (Group V) orally medicated rats exhibit no significant 
changes when compared to DMBA-induced rats (Group II). 
There were no significant differences amongst free DG@
NP (Group VI) alone treated rats and control rats (Group I). 
Ultimately, DG@CS-NP 5mg/kg b.wt was evidenced to be 
more effective in modulating G-6PD levels than DG 10mg/
kg b.wt.

Figures 10 and 11 indicate the levels of gluconeogenetic 
enzymes (G6-P and F1,6-DP) on mammary, liver and kid-
ney tissues of both control and experimental group ani-
mals. G6-P and F1,6-DP levels significantly lower in DMBA-
induced rats (Group II) when compared with control rats 
(Group I). Fortunately, oral administration of DG 10 mg/
kg b.wt (Group III) and DG@CS-NP 5mg/kg b.wt (Group IV) 
depicts significantly escalated levels of G6- P and F1,6-DP 
on compared with DMBA rats (Group II). When CS-NP 5mg/
kg b.wt (Group V) treated rats were compared to DMBA 
group rats (Group II), no variations were noted. Despite 
this, no significant differences were recorded in free DG@
NP (Group VI) alone treated rats when compared to con-
trol rats (Group I). In terms of gluconeogenetic enzymatic 
levels, DG@CS-NP 5 mg/kg b.wt was reported to be quite 
effective than DG 10 mg/kg b.wt.

Figure 7. Impact of DG@CS-NP on the quantities of glycolytic mark-
ers (hexokinase, phosphoglucoisomerase and aldolase) in the liver 
tissue of control and experimental rats.

Values are expressed as mean±SD for six rats in each group. Significant 
levels are ###p<0.001 when compared with control group and **p<0.01, 
***p<0.001 when compared with DMBA group.

Figure 8. Impact of DG@CS-NP on the quantities of glycolytic mark-
ers (hexokinase, phosphoglucoisomerase and aldolase) in the kidney 
tissue of control and experimental rats.

Values are expressed as mean±SD for six rats in each group. Significant 
levels are ###p<0.001 when compared with control group and *p<0.05, 
**p<0.01, ***p<0.001 when compared with DMBA group.

Figure 9. Impact of DG@CS-NP on the quantities of glucose 6-phos-
phate dehydrogenase enzyme in the mammary, liver and kidney tis-
sue of control and experimental rats.

Values are expressed as mean±SD for six rats in each group. Significant 
levels are ###p<0.001 when compared with control group and **p<0.01, 
***p<0.001 when compared with DMBA group.
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Figures. 12 and 13 portray the concentrations of mitochon-
drial TCA cycle enzymes (SDH and MDH) on mammary, 
liver and kidney tissues of both the control and experi-
mental rats. The concentrations of mitochondrial enzymes 
significantly diminished in DMBA induced cancer bearing 
rats (Group II) when compared with the control group rats 
(Group I). Contrasted with DMBA (Group II) rats, oral ad-
ministration of DG 10 mg/kg b.wt (Group III) and DG@CS-
NP 5 mg/kg b.wt (Group IV) exhibit significantly escalated 
mitochondrial enzymatic levels. While CS-NP 5 mg/kg b.wt 

(Group V) treated rats were compared to DMBA (Group 
II) rats, no modifications were identified. Conversely, Free 
DG@NP (Group VI) alone administered rats indicates no 
significant differences in the amounts of mitochondrial 
enzymes when compared to control rats (Group I). It was 
unearthed that DG@CS-NP 5 mg/kg b.wt was more robust 
than DG 10 mg/kg b.wt on regulating mitochondrial TCA 
cycle enzymes

Discussion

Metabolism is an energy-producing operation in which 
cells benefit from it for sustaining cellular equilibrium, as 

Figure 10. Impact of DG@CS-NP on the quantities of Glucose 6- 
phosphatase enzyme in the mammary, liver and kidney tissue of 
control and experimental rats.

Values are expressed as mean±SD for six rats in each group. Significant 
levels are ###p<0.001 when compared with control group and*p<0.05, 
**p<0.01, ***p<0.001 when compared with DMBA group.

Figure 11. Impact of DG@CS-NP on the quantities of Fructose 
1,6-di-phosphatase enzyme in the mammary, liver and kidney tissue 
of control and experimental rats.

Values are expressed as mean±SD for six rats in each group. Significant 
levels are ###p<0.001 when compared with control group and *p<0.05, 
***p<0.001 when compared with DMBA group.

Figure 12. Impact of DG@CS-NP on the quantities of succinate dehy-
drogenase enzyme in the mammary, liver and kidney tissue of con-
trol and experimental rats.

Values are expressed as mean±SD for six rats in each group. Significant 
levels are ###p<0.001 when compared with control group and *p<0.05, 
***p<0.001 when compared with DMBA group.

Figure 13. Impact of DG@CS-NP on the quantities of malate dehy-
drogenase enzyme in the mammary, liver and kidney tissue of con-
trol and experimental rats.

Values are expressed as mean±SD for six rats in each group. Significant 
levels are ###p<0.001 when compared with control group and*p<0.05, 
**p<0.01, ***p<0.001 when compared with DMBA group.
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well as for growth and proliferation. The modification of 
intracellular signaling cascades impaired by aberrant onco-
genes and tumor-suppressor genes is a primary significant 
consequence of cancer cell metabolism.[28] Cancer cells’ 
metabolic priorities diverge drastically from that of healthy 
cells, offering up a novel therapeutic aperture. In mamma-
ry cancerous cells, metabolic reprogramming boosts their 
growth, survivability, amplification, and sustenance.[29] At 
present, numerous medications that address cancer me-
tabolism are in clinical trials due to cancer cells metabolic 
susceptibility. Medications like chemotherapeutic agent, 
that target cancer cell metabolism utterly having nega-
tive impacts that impair a patient’s health and quality of 
life. Contrarily, pharmaceuticals derived from nature womb 
have lower toxicity and negative effects. Quite a few phy-
tochemicals have indeed been noticed to influence cancer 
metabolism till date. As a response, increased natural com-
ponents must be explored for their inhibitory influence on 
cancer’s expanding hallmarks, including metabolism.[30] 
DG, a naturally procured steroidal saponin, has been exten-
sively explored as a cancer blocker; although, its impacts 
on cancer metabolism were still unclear. As an outcome, we 
uncover a novel aspect of DG's anticancer mechanisms in 
this study. Unfortunately, there seem to be notable down-
sides coupled with DG’s solubility and bioavailability, which 
constrain its use in clinical contexts. Therefore, in order im-
prove its physicochemical characteristics we fabricate nano 
DG encapsulated into CS, a biodegradable carrier. CS acts 
as a vehicle and drop its passenger DG into its target area. 
This strengthens the notion that nano DG explore its com-
plete onco-pharmacological impacts.[31]

Carbohydrate metabolism is one of the most prominent 
and profound in carcinogenic tissues, primarily those with 
increased proliferation patterns and the ability to use and 
catabolize glucose at excessive rates. More than a century 
ago, Otto Warburg originally reported that elevated glucose 
consumption and relying on glycolysis rather than oxida-
tive phosphorylation were the major metabolic hallmarks 
of cancerous cells. Accelerated glycolysis promotes cancer 
cell survival and is tied to carcinogenic transition. Current 
research has revealed that hypoxic tumors preferentially 
use glucose for glycolytic energy generation, whereas 
oxygenated tumor cells emit lactic acid, which feeds oxi-
dative metabolism.[32] For aggressively expanding tumors, 
a rapid glycolysis rate is significant not only as a principal 
metabolic generator, but also as an origin of precursors for 
nucleotide and lipid biosynthesis. Although abnormalities 
of glycolytic and gluconeogenic routes are universally rec-
ognized through biochemical explorations of cancer situ-
ations, the early alterations in carbohydrate metabolism 
seem to be of peculiar concern.[33] Glycolysis blockage or 

retardation has been reported to be efficacious in limit-
ing the progression of cancer, highlighting that glycolysis 
is vital for cancer proliferation, infiltration, and metastasis. 
Glycolysis can be halted by blocking the vital glycolytic 
enzymes which drives the irrevocable events. HK, a prime 
metabolic enzyme actively engaged in the onset and main-
tenance of significant glucose catabolic ratios in quickly 
emerging cancers, and it phosphorylates glucose to G-6P 
to permit glucose to engage into glycolytic cascade. The 
energy demands of actively multiplying cells are addressed 
by ATP released via glycolysis, which is switched from oxi-
dative to glycolytic metabolism in proliferating cells.[34] PGI, 
a second glycolytic enzyme that catalyses the isomeriza-
tion of G-6P into F-6P. As a result, PGI is a strong indicator of 
tumor progression and is raised greatly in malignant cells. 
Another critical enzyme in the glycolytic pathway, aldolase, 
was upregulated in tumors. It was discovered to be higher 
in tumor bearing animals and breast cancer sufferers. PGI 
and aldolase activity may be enhanced due to cell damage 
and death. Carcinogen-induced damage is exacerbated 
in cells in experimental carcinogenesis, and glycolysis is 
typically noted following a period of tremendous oxygen 
absorption.[35] Admittedly, our report also proves that the 
levels of the key glycolytic enzymes (HK, PGI, and aldolase) 
in mammary, liver, and kidney tissues of DMBA-induced 
rats displayed relatively high. Whereas, DG and DG@CS-NP 
treatment substantially suppressed enzymatic levels. Com-
paratively, DG@CS-NP poses an appreciable therapeutic 
potency than DG in regulating glycolysis.

The pentose phosphate pathway (also termed as the hex-
ose monophosphate shunt) is where the oxidative glycoly-
sis originates when glucose catabolism is redirected. It is a 
pivotal metabolic circuit that operates parallel to glycoly-
sis. Thereby, it produces NADPH and ribose-5-phosphate, a 
molecule that serves as a precursor for the biosynthesis of 
nucleotides. There are two phases: The first one is oxidative, 
in which NADPH is produced, and the next is non-oxida-
tive, in which 5 carbon sugars are produced. It also supplies 
NADPH for fatty acid biosynthesis and cellular longevity in 
challenging scenarios featuring elevated amounts of intra-
cellular reactive oxygen species. Although disrupting the 
hexose monophosphate shunt channel correlates directly 
to cell proliferation and survival, there is mounting evi-
dence that cancerous cells modify the fluxes for their own 
advantages.[36] G-6PD in the HMP is a prime enzyme which 
turns G-6P to 6-phosphogluconate. G-6PD deficit has been 
tied to a diminished chance of cancer that probably due 
to a drop of mutagenic oxygen-free radicals and nicotin-
amide-adenine dinucleotide-phosphate for proliferating 
cells.[37] In our results, contrast to DMBA-administered rats, 
DG and DG@CS-NP dosage effectively diminished levels of 
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G-6PD. DG@CS-NP has been reported to be highly active 
than DG at influencing the levels of G-6PD enzymes.

Gluconeogenesis is the reverse pathway of glycolysis that 
uses lactate or amino acids to fuel biosynthetic pathways. 
F−1,6BP is a downstream gluconeogenesis enzyme which 
inhibits glycolysis and tumor growth, partly by non-enzy-
matic mechanisms. The final step of gluconeogenesis is 
mediated by G-6P, which hydrolyses G-6P to glucose and 
Pi. In tumor-bearing animals, the activity of gluconeogenic 
enzymes such as G-6P and F−1,6-DP was dramatically re-
duced. During the development of tumor growth, lactate 
generation from glucose increases whereas glucose pro-
duction from pyruvate declines. The lower activity of these 
enzymes in tumor-bearing animals might be due to the 
increased lactate production of neoplastic tissues, since it 
has been proven that tumors need a significant amount of 
lactate for glycolysis and protein synthesis.[38] In our study, 
the levels of gluconeogenetic enzymes were significantly 
lower in DMBA induced cancer bearing rats. Conversely in 
DG and DG@CS-NP treated rats the situation is reversed. In 
this context, DG@CS-NP is quite impactful.

TCA cycle is another crucial pathway for oxidative phos-
phorylation in cells, and it assures that they meet their 
bioenergetic, biosynthetic, and redox balancing demands. 
Despite prevalent notion that cancer cells sidestep the 
TCA cycle in favor of aerobic glycolysis, recent research re-
veals that certain cancer cells, particularly those with un-
controlled oncogene and tumor suppressor expression, 
rely significantly on the TCA cycle for energy generation 
and macromolecule synthesis. The Krebs cycle enzymes 
catalyses the oxidation of a multitude of substrates in the 
mitochondria, culminating in reducing equivalent. SDH is 
a constituent of the inner mitochondrial membrane and 
is coupled to the ETC directly. Two ATP molecules are pro-
duced when succinate is oxidized to form FADH2 molecules, 
which immediately transmit electrons to ubiquinone. MDH 
is a NAD-dependent oxidoreductase that catalyses a key 
step in the Krebs cycle, which is vital for cellular metabo-
lism and energy generation. The activity of these enzymes 
was reported to be diminished when cancer was evident.
[39] Our observations reveal that administering DMBA sup-
presses TCA cycle enzyme status. On the other hand, the 
enzymatic status of DG and DG@CS-NP treated rats was re-
stored to near normal levels. Significantly, DG@CS-NP med-
icated rats showed improved Krebs cycle enzymatic status 
on compared with DG treated rats. Mammary cancer bear-
ing rats had enzymatic fluctuation of TCA cycle enzymes 
and carbohydrate metabolizing enzymes. An earlier study 
found that the mammary cancer bearing experimental 
animals showed enzymatic alterations in the levels of TCA 
cycle enzymes, carbohydrate metabolizing enzymes. In DG 

treated animals, these biochemical modulations returned 
to near normal levels. As a result, the author states that DG 
has anticarcinogenic activity against N-methyl-N-nitro-
sourea induced breast cancer. These findings lend a strong 
support for our observation of DG’s therapeutic impact on 
carbohydrate metabolism.[31]

Therefore, the levels of glycolytic and pentose phosphate 
pathway enzyme increased dramatically in rats with mam-
mary carcinoma. It also provokes a reduction in gluco-
neogenic and mitochondrial enzymes. Concluding, as an 
intent of precise toxic-free cancer therapeutic interven-
tions, this simple, cost-effective and scalable encapsulated 
system of DG nanoparticle evidently enhances the specific-
ity of the drug candidate (DG) and the regulated dosage 
release through ionic gelation method propel it towards 
effectual targeted therapy. However, the prolonged release 
resulted from the hydrophobic interaction of polymer-DG 
within the nanoparticle along with the discharge of DG 
from the polymeric matrix throughout degradation. This 
delayed the diffusion of DG from the nanoparticle and al-
lowed for prolonged periods of sustained release for an ef-
fective cancer therapy. Evidently, when compared to bare 
DG treated rats, nano DG significantly reduced the rates of 
glycolytic enzymes, pentose phosphate pathway enzymes, 
gluconeogenic enzymes, and mitochondrial enzymes. As a 
consequence, its chemotherapeutic mechanism of action 
(Figure 14) on metabolic rewiring has been revealed in ex-
perimentally induced rat mammary oncogenesis.

Conclusion
Mammary cancer cells exhibit a high degree of aerobic 
glycolysis activity, and they profit immensely from this me-
tabolism. As a consequence, anticancer medications might 

Figure 14. Mechanistic targets of nano diosgenin on carbohydrate 
metabolizing enzymes.
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well be optimally designed using the characteristics and 
processes of aerobic glycolysis, as well as the link between 
aerobic glycolysis and cancer growth. Thereby, we were 
successful in the confirmation of nano DG's anti tumori-
genic ability in metabolic rewiring via standardizing the 
status of various biochemical enzymes in an animal model 
of DMBA induced mammary oncogenesis. This discovery 
uncovers a breakthrough therapeutic potential of nano DG 
against breast cancer and paves the way for future research 
into leveraging its clinically effective regulation of meta-
bolic cravings in cancerous cells.
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