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ABSTRACT

The risk of malnutrition in cancer patients increases with prolonged chemotherapy, leading to various physio-
logical changes. Total nutritional supplements enriched with low-molecular-weight oyster peptides have shown
potential as specialized medical interventions to improve chemotherapy-induced malnutrition. The present study
evaluated the nutritional quality of total nutritional double emulsion (TNDE) and assessed its effects as a
nutritional intervention in Lewis lung cancer (LLC) mice undergoing chemotherapy. Nutritional analysis revealed
that TNDE possesses high nutritional quality, containing 45.41% essential amino acids, 41.72% hydrophobic
amino acids, and 38% polyunsaturated fatty acids. In vivo analysis demonstrated significant weight loss,
increased insulin resistance, suppressed immune function, and organ damage in chemotherapy-treated animals,
indicating an elevated risk of cachexia. TNDE administration effectively mitigated chemotherapy-induced
cachexia by improving body weight, reducing insulin resistance, and alleviating spleen and liver injuries
compared to LLC mice undergoing chemotherapy without TNDE supplementation. TNDE also enhanced IgG and
IgM levels while suppressing TNF-a and IL-6. The alleviation of cachexia in LLC mice may involve modulation of
metabolic pathways, such as steroid hormone and folate biosynthesis. These findings provide a theoretical basis
for developing and applying marine-derived peptide double emulsion-based, nutrient-dense formulations for
cancer patients.

1. Introduction

chemotherapy as a primary treatment approach (Li et al., 2022). Despite
its effectiveness, chemotherapy agents such as cyclophosphamide (CTX)

Cancer treatment often requires costly medications and extended
time commitments, imposing substantial economic burdens on patients,
families, and society while posing significant challenges to global health
(Wu, Luo, & Xu, 2024). According to a 2024 report by the International
Agency for Research on Cancer, lung cancer remains the most commonly
diagnosed cancer, with the highest incidence and mortality rates glob-
ally (Bray et al., 2024). Non-small cell lung cancer (NSCLC) accounts for
approximately 85% of all lung cancer cases. A critical challenge in
managing NSCLC is its frequent late diagnosis, with over 75% of cases
identified at advanced stages due to inadequate early detection methods
(Xiao et al., 2023). Moreover, NSCLC has traditionally been considered a
radiation-resistant malignancy, often necessitating pharmaceutical

and tyrosine kinase inhibitors often impair immune and metabolic sys-
tem functions (Wang, Hsia, Wu, & Wu, 2021; Zhang, Zhou, et al., 2021).
Cachexia, a severe and common complication in advanced lung cancer,
arises from immunosuppression, acute malnutrition, and metabolic
disturbances caused by prolonged chemotherapy (Alduais, Zhang, Fan,
Chen, & Chen, 2023).

Previous studies have demonstrated that supplementation with
nutrient-dense foods formulation during chemotherapy can enhance its
efficacy and prevent the progression of cachexia in tumor-bearing mice
(Liu et al., 2019, 2020; Wang, Hsia, et al., 2021). Adequate protein and
calorie intake is crucial for effective nutritional support, making enteral
nutritional interventions valuable adjunct therapies for managing
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cachexia in oncology patients (Mele et al., 2021). Addressing over-
nutrition and malnutrition to promote healthy lives aligns with the
United Nations Sustainable Development Goals, which recognize the
importance of health for economic growth (Michel et al., 2024).
Therefore, well-balanced nutritional formulations in nutrient-dense
foods are essential for alleviating cachexia in cancer patients.

Nutrient-dense formulations aim to assess a product’s composition,
including its caloric and nutrient profile, by combining components in
precise proportions to optimize sensory attributes and functionality such
as appearance, flavor, and health benefits (Michel et al., 2024). Tradi-
tional emulsion-based supplements, typically oil-in-water (O/W) emul-
sions, contain high levels of proteins, oils, carbohydrates, and
micronutrients (Li et al., 2023). However, their oil-in-water structure
limits the incorporation of certain water-soluble active ingredients,
particularly those with unpleasant odors. Double emulsions (W1/0/W2)
have emerged as a promising alternative, enabling efficient encapsula-
tion of active components such as peptides, vitamins, and poly-
unsaturated fatty acids while reducing calorie content by partially
substituting lipids with water (Kumar et al., 2022). However, double
emulsions exhibit thermodynamic instabilities, including phase sepa-
ration, foaming, and flocculation, compromising product stability and
quality, thereby hindering their practical application in the nutritional
beverage market. The complex composition of emulsion-based nutri-
tional beverages, involving diverse substances such as water and oils,
increases their susceptibility to variations during manufacturing and
storage, further challenging their stability, quality, and shelf life
(Drapala, Mulvihill, & O’Mahony, 2018). Although double emulsions
are inherently less stable than traditional emulsions, their broader ap-
plications in functional foods, including encapsulating peptides and di-
etary lipids and producing low-energy products with enhanced sensory
attributes, make them valuable in the food industry (Buyukkestelli & El,
2019, 2021; Lamba, Sathish, & Sabikhi, 2015; Ying et al., 2021).
Consequently, the stabilization of double emulsions has become a focal
point of research to overcome these challenges.

Previous studies have shown that combining high-speed shear with
ultrasonic treatment enhances the thermodynamic stability of double
emulsion nutritional supplements fortified with low-molecular-weight
oyster peptides (LOPs), particularly by improving phase stability (Li
et al., 2023). Moreover, ultrasound-treated total nutritional double
emulsion (TNDE) demonstrated superior wettability, freeze-thaw sta-
bility, long-term retention of fat-soluble nutrients, and favorable sensory
attributes (Li et al., 2024). TNDE is a comprehensive nutritional formula
incorporating marine-derived peptides, fish oil (rich in eicosapentaenoic
acid and docosahexaenoic acid), vitamins, and other micronutrients. As
a marine-derived protein, LOPs have been shown to mitigate
chemotherapy-induced immunosuppression in Lewis lung cancer (LLC)
mice by modulating the gut microbiota, potentially enhancing immune
function (Li et al., 2022). Additionally, substantial evidence indicates
that -3 polyunsaturated fatty acids (PUFAs) can partially inhibit
inflammation through interactions with the cell surface and intracellular
receptors involved in inflammatory signaling and gene expression
regulation (Calder, 2015). Therefore, TNDE represents a viable strategy
for enteral nutritional support during chemotherapy in cancer patients.
However, limited research exists on the nutritional and biological effi-
cacy of double emulsion-based enteral nutrition beverages, highlighting
the need for further investigation.

This study aims to investigate the nutritional quality and cachexia-
ameliorating effects of TNDE. Nutritional properties were analyzed
through amino acid and fatty acid profiling. Growth parameters, insulin
resistance, cytokine levels, hematological indices, and organ damage
were assessed in chemotherapy-induced LLC mice. Untargeted liver
metabolomics was also utilized to elucidate the biological mechanisms
underlying the effectiveness of TNDE as a nutritional intervention.

Food Bioscience 64 (2025) 105968

2. Materials and methods
2.1. Materials and chemicals

The TNDE, a double emulsion system, was prepared following a
methodology previously described (Li et al., 2024). The W1/0 emulsion
was prepared using a high-speed homogenizer (IKA T18 digital,
Ultra-Turrax, Staufen, Germany) at 13,000 rpm for 2 min. The W1/0
emulsion was then gradually incorporated into the Wo-phase phase and
homogenized at 7000 rpm for 2 min. Subsequently, the TNDE was
subjected to sonication (20 kHz, Sonifier 250D, Branson Ultrasonics Co.,
Ltd., Shanghai, China) for 5 min at 100 W, with 4-s on-cycles and 2-s
off-cycles. Finally, the TNDE was pasteurized for subsequent nutri-
tional quality and in vivo nutrient support evaluations. Finally, the
pasteurized samples were stored for a maximum of 72 h to assess the
nutritional quality. In contrast, the in vivo nutrient support evaluation of
TNDE was conducted using freshly prepared with pasteurized samples.

CTX was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Enzyme-linked immunosorbent assay (ELISA) kits for insulin, IgG, IgM,
TNF-a, and IL-6 were sourced from Meimian Industrial Co., Ltd. (Yan-
cheng, China). The LLC cells used in the present study were sourced from
the Chinese Academy of Sciences (Shanghai, China). All other reagents
were of analytical grade, and ultra-pure MilliQ water was employed in
all experimental procedures.

2.2. Nutritional characterization of TNDE

The total content of raw proteins, lipids, carbohydrates, and dietary
fiber in TNDE were determined using standard methods (International,
2023). The profiles of amino acids and fatty acids in TNDE were
examined according to the protocol described by Hashemirad, Behfar,
and Kavoosi (2024), with slight adjustments. In brief, TNDE underwent
hydrolysis at 110 °C in 6 M HClI for 24 h, followed by a cooling phase.
Afterward, the undigested substances were separated through centrifu-
gation at 3000g for 10 min. The resulting suspension of amino acids was
then dried, reconstituted in a 500 mM NacCl solution (10 mg/mL), and
analyzed using an automatic amino acid analyzer (Model L-8900,
Hitachi Ltd., Tokyo, Japan). To determine the fatty acid composition,
the lipids from TNDE were extracted using the Folch method (chloro-
form: methanol: water = 2:1:0.8, v/v/v). The lipid extract (1:10 v/v)
was then combined with a methanol-sulfuric acid (80:20 v/v) mixture to
form fatty acid methyl esters, which were incubated at 80 °C for 120
min. The fatty acid methyl esters were subsequently extracted with
hexane using centrifugation at 3000g for 10 min, and the resulting
profiles were analyzed using an Agilent gas chromatograph (Agilent
7890A GC, Agilent Technologies Inc., California, USA).

Three nutritional parameters were assessed using the amino acid
composition of TNDE, as outlined in earlier studies (Mir, Riar, & Singh,
2019). There calculation formulas are shown in Egs. (1)-(5).

(a) Protein efficiency ratio (PER)
PER; =-0.684 + 0.456 x Leu - 0.047 x Pro D

PER, =-0.468 + 0.454 x Leu - 0.105 x Tyr @

PER; =-1.816 + 0.435 x Met + 0.78 x Leu + 0.211 x His - 0.944 x Tyr
(3)

(b) Essential amino acid index (EAAI)

EAAI— Lys, x Thry x -+ x I?lisa )
Lysy x Thry, X -+ X Hisy,
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Fig. 1. The ameliorative effects of total nutrition double emulsion (TNDE) on growth of the LLC mice undergoing CTX-chemotherapy (n = 8). (A) Animal exper-
imental protocol. (B) Body weight. (C) Body weight gain. (D) Tumor volume. (E) Tumor weight. (F) Lean and fat mass. (G) Representative photographs of adipose
distribution. P < 0.05, P < 0.01 versus control group; *P < 0.05, **P < 0.01 versus tumor group; #p < 0.05, ##p < 0.01 versus CTX group.

in this context, a represents the amino acids of TNDE, and b signifies the 2.3. Animals experimental design
amino acids of standard protein.

Male specific pathogen-free C57BL/6J (6-week-old) were purchased
(c) Biological value (BV) form BesTest Bio-Tech Co., Ltd (Zhuhai, China). All animal procedures
were approved by the Animal Ethics Committee of Guangdong Ocean
BV=1.09 x EAAI-117 ) University (protocol number GDOU-LAE-2022-016). As illustrated in
Fig. 1A, each six-week-old male C57BL/6J mouse was injected with 1 x
10° LLC cells (at 1 x 107 cells/mL) into the right flank. Mice were then
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randomly assigned to five groups, each consisting of eight mice: the
control group (no LLC cells), the tumor group, the CTX group (60 mg/
kg), the CTX combined with low-dose TNDE group (TNDE-L, 0.4 mL/d),
and the CTX combined with high-dose TNDE group (TNDE-H, 0.8 mL/
d). Dosage levels were determined based on previous studies with minor
adjustments (Wang, Hsia, et al., 2021).

CTX chemotherapy was administered to all groups, except the con-
trol and tumor groups, for two weeks once tumor volume reached
approximately 100 mm?. Mice in the TNDE groups received daily oral
administration of TNDE, while other groups received saline via oral
gavage. Body weight and tumor growth were monitored regularly dur-
ing the two-week treatment period. After completing the nutritional
intervention, mice were fasted for 12 h, anesthetized using CO: ether
asphyxiation, and euthanized via cervical dislocation. Blood samples
were collected through orbital bleeding, and liver tissues were harvested
and stored at —80 °C for subsequent analysis.

2.4. Analysis of body composition

Body composition, including lean and fat mass distribution, was
analyzed for each mouse using magnetic resonance imaging (MRI)
equipment (Miumag Analytical Instrument Co., Ltd, Suzhou, China).
Mice were first weighed and placed directly into a 60 mm diameter
cylinder for scanning. Each mouse was scanned for approximately 2 min
to collect overall body composition data. Adipose tissue distribution was
further assessed while mice were maintained under anesthesia with 2%
isoflurane for positioning, followed by a 10-min imaging session (Yang
et al., 2022).

2.5. Analysis of insulin resistance

Fasting blood glucose (FBG) was measured using a commercial
glucometer (Yuyue Medical Device Company, Shanghai, China) with
blood collected from the tail. For the oral glucose tolerance test (OGTT),
mice were fasted for 12 h and then administered a glucose solution via
oral gavage at 2 g/kg. Blood glucose levels were recorded at 0-, 15-, 30-,
60-, 90-, and 120-min post-gavage. Additionally, serum insulin levels
were measured using an ELISA kit. The area under the curve (AUC) for
glucose tolerance was calculated, and statistical analyses were per-
formed using OriginPro 2022 (OriginLab Corporation Inc., USA).

2.6. Analysis of inmunity indicators

Blood samples were collected via orbital puncture after euthanasia
and centrifuged at 1200 g for 20 min at 4 °C to isolate serum. The IgG,
IgM, TNF-q, and IL-6 levels were quantified using an ELISA kit according
to the manufacturer’s guidelines.

2.7. Analysis of hematologic parameters

During euthanasia, 0.2 mL of blood was collected and analyzed for
hematological parameters using a whole-cell autoanalyzer (BC-2800vet,
Mindray Animal Medical Co., Ltd., Shenzhen, China).

2.8. Histological analysis of the spleen and liver

The spleen and liver were preserved in 4% (v/v) paraformaldehyde
for one day. Fixed tissues were embedded in paraffin, sectioned into 5
pm slices, stained with hematoxylin and eosin (H&E), and dehydrated
for sealing. Pathological changes in these tissues were examined under
an optical microscope, and images were captured for analysis.

2.9. Analysis of liver UHPLC-QE-MS non-target metabolomics

Fifty milligrams of liver tissue were precisely weighed, and metab-
olites were extracted using 400 pL of a methanol-water solution (4:1, v/
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Table 1

The nutritional profiles of TNDE.
Parameter TNDE
Total calories (Kcal/100 g) 177.34
Total fat (g/100 g) 9.35
Total carbohydrate (g/100 g) 11.76
Protein (g/100 g) 8.76
Dietary fiber (g/100 g) 4.80
PER, 4.15
PER, 4,54
PER3 7.19
Biological value (%) 78.98
Essential amino acid index 83.19

v). The samples were incubated at —20 °C, homogenized for 6 min at 50
Hz using a high-throughput tissue crusher, vortexed for 30 s, and
ultrasonicated at 40 kHz for 30 min at 5 °C. Following sonication, the
samples were kept at —20 °C for 30 min to precipitate proteins. The
supernatant was then separated by centrifugation at 13,000 g for 15 min
at 4 °C and gently transferred into vials for LC-MS/MS analysis. A pooled
quality control (QC) sample was prepared to ensure analytical stability
and consistency by combining aliquots from all experimental samples.
These QC samples were processed and analyzed identically to the
experimental samples to assess system reliability.

Metabolites were separated using an ultra-high-performance liquid
chromatography (UHPLC) system with a C18 column (100 mm x 2.1
mm i.d., 1.7 pm). The injection volume was 2 pL, with a flow rate of 0.4
mL/min, and the column temperature was maintained at 40 °C. MS data
acquisition was performed using a UHPLC-QE-MS system with an elec-
trospray ionization source operating in positive and negative ionization
modes. Optimized settings included an auxiliary gas warmer at 40 °C, a
sheath gas flow rate of 40 psi, an auxiliary gas flow rate of 30 psi, and ion
spray voltages of —2800 V in negative mode and 3500 V in positive
mode. MS/MS data were acquired using a normalized collision energy of
20, 40, and 60 V. Measurements were performed using the data-
dependent acquisition method, with a detection range of 70-1050 m/z.

2.10. Statistical analysis

Statistical analyses were conducted using one-way analysis of vari-
ance (ANOVA) in SPSS version 26 (IBM, USA). Post-hoc comparisons
were performed using the least significant difference (LSD) method to
evaluate group differences. Metabolites were identified and annotated
using the HMDB 4.0 and KEGG databases. Differential metabolites were
determined based on criteria of VIP >1 and P < 0.05. KEGG pathway
analysis was performed on these metabolites to explore potential
metabolic pathways. The P-value <0.05 was recognized as statistical
significance.

3. Results and discussion
3.1. Nutritional characterization of TNDE

3.1.1. Nutritional profile of TNDE

TNDE is an emulsion-based nutritional product enriched with pro-
tein, energy, LOPs, multivitamins, and multiminerals. Nutritional pa-
rameters were determined based on its amino acid profile (Table 1).
Protein Efficiency Ratio (PER) was used to evaluate protein quality,
where values below 1.5 indicate poor quality and values above 2 indi-
cate high-quality protein (Vinayashree & Vasu, 2021). Biological Value
(BV), which assesses the proportion of dietary protein assimilated into
human proteins, typically ranges from 70% to 100% for high-quality
proteins (Mir et al., 2019). TNDE demonstrated a BV of 78.98%, con-
firming its superior nutritional quality. Furthermore, the Essential
Amino Acid Index (EAAI) of TNDE was comparable to that of most oral
nutritional supplements (Liu et al., 2020).
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Fig. 2. The ameliorative effects of TNDE on insulin resistance in LLC mice undergoing CTX-chemotherapy. (A) Fasting blood glucose measured after fasting for 12 h
(n = 8). (B) Oral glucose tolerance test (OGTT) upon 12 h fasting. (C) Area under curve (AUC) of the OGTT. (D) Insulin in blood. (E) Homeostatic model assessment
for insulin resistance (HOMA-IR). P < 0.05, P < 0.01 versus control group; *P < 0.05, **P < 0.01 versus tumor group; P < 0.05, *#P < 0.01 versus CTX group.

3.1.2. Amino acid profile of TNDE

The nutritional value of TNDE is largely determined by its amino acid
composition, as detailed in Table S1. The analysis indicated that TNDE is
a rich source of essential amino acids, comprising approximately
45.41% of the total amino acids (T-AAs). Notably, branched-chain
amino acids (BCAAs) account for about 23.75% of the T-AAs. A diet
rich in BCAAs has been shown to improve the prognosis of patients with

malignant tumors by reducing mortality and complications. This benefit
is primarily due to their ability to promote protein synthesis and reduce
insulin resistance, thereby enhancing treatment outcomes (Nie, He,
Zhang, Zhang, & Ma, 2018; Yao et al., 2023). Additionally, TNDE is
abundant in hydrophobic amino acids, including methionine (Met),
tyrosine (Tyr), phenylalanine (Phe), proline (Pro), isoleucine (Ile),
alanine (Ala), valine (Val), and leucine (Leu), which together constitute
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Fig. 3. The ameliorative effects of TNDE on immune organ index, serum cytokines and immunoglobulin in LLC mice undergoing CTX-chemotherapy (n = 8). (A)
Spleen index. (B) Thymus index. (C) TNF-« levels. (D) IL-6 levels. (E) IgG levels. (F) IgM levels. P < 0.05, P < 0.01 versus control group; *P < 0.05, **P < 0.01
versus tumor group; #P < 0.05, **P < 0.01 versus CTX group.

approximately 41.72% of the T-AAs. These hydrophobic amino acids 3.1.3. Fatty acid composition of TNDE

have demonstrated efficacy in enhancing immune regulation (Liu et al., The fatty acid composition of TNDE is detailed in Table S2. Unsat-
2023). These findings suggest that TNDE holds significant potential for urated fatty acids accounted for the largest proportion of the oil phase,
improving therapeutic outcomes and modulating immune responses in comprising over 57.48% of the total oil content. Notably, eicosa-
patients undergoing chemotherapy. pentaenoic acid (EPA) and docosahexaenoic acid (DHA) were present at

concentrations of 4.73% and 3.24%, respectively. Foods rich in EPA and
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DHA have been shown to significantly improve cardiovascular health
and mitigate tumor-related complications (Cockbain, Toogood, & Hull,
2012; Freitas & Campos, 2019). The oil phase of TNDE also contains
medium-chain triglycerides (MCT), contributing to its saturated fatty
acid content. MCT is an ideal dietary fat for cancer patients with
digestive disorders, as it can alleviate chemotherapeutic side effects,
including disruptions in glucose and lipid metabolism and neuro-
inflammation (Augustin et al., 2018). Therefore, TNDE holds the po-
tential to improve digestive health, enhance nutrient absorption, and
provide energy support.

3.2. Nutritional interventions of TNDE

3.2.1. Effect of TNDE on growth of LLC mice

Our previous study reported that CTX inhibits cancer cell prolifera-
tion through cytotoxic effects, contributing to its anti-tumor activity (Li
et al., 2022). Tumor cells exhibit a faster rate of nutrient uptake and
metabolism than normal cells. However, no evidence indicates whether
nutritional support diminishes chemotherapy efficacy or promotes
tumor cell proliferation. To address this, the present study used LLC mice
to evaluate the therapeutic effects of TNDE as a supplemental nutrition
intervention. As shown in Fig. 1B and C, mice in the CTX group exhibited
remarkable weight loss compared with the control and tumor groups (P
< 0.01). Chemotherapy reduced body weight by 13.12% compared to
pre-chemotherapy levels, likely due to the toxic effects of CTX on
Normal cells, resulting in acute malnutrition in mice without nutritional
intervention. TNDE supplementation alleviated weight loss in
chemotherapy-treated mice compared to the CTX group. Tumor volume
and mass were also measured to assess whether nutritional support
influenced chemotherapy outcomes. Compared to the tumor group,
mice undergoing chemotherapy showed significantly inhibited tumor
growth (P < 0.01). Importantly, TNDE supplementation did not atten-
uate the chemotherapeutic effects (Fig. 1D and E). These findings sug-
gest that TNDE effectively mitigates weight loss caused by
chemotherapy without compromising its efficacy, likely due to the high
protein quality and nutritional value of TNDE.

During tumor treatment, endogenous lipolysis accelerates due to the
release of lipolytic hormones, resulting in reduced fat storage, progres-
sive body wasting, and weight loss (Torricelli et al., 2020). To confirm
the nutritional supportive effects of TNDE, body fat distribution was
analyzed in LLC mice (Fig. 2F and G). Compared with normal mice and
LLC mice without chemotherapy, chemotherapy significantly reduced
lean body mass and abdominal adipose tissue mass (P < 0.01), indi-
cating that malnutrition in chemotherapy-treated mice is associated
with impaired adipose metabolism. TNDE supplementation gradually
restored lean and adipose tissue mass to pre-chemotherapy levels.
Subcutaneous and abdominal fat stores increased, alleviating symptoms
of chemotherapy-induced weight loss. These findings demonstrate that
TNDE effectively mitigates malnutrition in mice, likely due to its
well-balanced dietary fat formulation.

Table 2
Effect of TNDE on hematological parameters.

Group RBC (10'%/ HGB (g/L)  WBC GRAN (10°/  LYM

L) (10°/1) L) (10°/1)

Control 9.1 +0.7 149.6 + 49+15 0.6+02 42+1.3
10.4

Tumor 6.9+1.6 118.2 + 9.3+ 2.6 +1.7 6.1+
24.9" 2.9 1.27

CTX 5.3+ 1.3 * 80 + 0.6 + 0.2 + 0.1%* 0.6 +
18.6 ** 0.27%x 0.1

TNDE-L  6.5+0.6 92.8 + 0.8 + 0.4 + 0.2%* 12+
6.9 * 0.37%* 0.17%*

TNDE- 72+097% 97.8 + 12+ 0.3 & 0.2%* 12+

H 14.3" 0.5 ** 0.4 *x

P< 0.05, “P < 0.01 versus control group; *P < 0.05, **P < 0.01 versus tumor
group; #P < 0.05, **P < 0.01 versus CTX group.
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3.2.2. Effect of TNDE on insulin resistance in LLC mice

Insulin resistance (IR) is closely associated with the development and
progression of metabolic disorders such as diabetes, hypertension, and
cancer (Godsland, 2010; Yang et al., 2022). IR disrupts glucose regula-
tion and utilization, posing significant health risks and adversely
affecting patient quality of life (Zhao et al., 2023). Previous findings
indicated that TNDE alleviates chemotherapy-induced weight loss in
LLC mice. Building on these results, the study aimed to evaluate whether
TNDE could also mitigate chemotherapy-induced IR. As illustrated in
Fig. 2, fasting blood glucose levels significantly increased in the
chemotherapy group compared to non-chemotherapy mice (P < 0.01).
Oral glucose tolerance tests revealed impaired glucose sensitivity in
chemotherapy-induced LLC mice. However, fasting blood glucose levels
normalized following TNDE supplementation (P < 0.05). Furthermore,
TNDE administration significantly reduced the elevated insulin levels
induced by tumor growth (P < 0.01). Consistently, the homeostatic
model assessment for IR (HOMA-IR) was significantly higher in LLC
mice that received chemotherapy compared to normal and tumor-only
groups but returned to normal levels following TNDE treatment (P <
0.01). These results suggest that TNDE positively regulates glucose ho-
meostasis, likely due to its marine-derived peptides, consistent with
findings from previous studies (Wang et al., 2024).

3.2.3. Effect of TNDE on immunomodulation in LLC mice

The cytotoxic chemotherapy agent CTX is a non-targeted, broad-
spectrum chemotherapeutic that effectively inhibits tumor cells and
exerts toxic effects on normal cells, particularly immune cells (Zhang
et al., 2023). Previous research has demonstrated that LOPs can atten-
uate CTX-induced immunosuppression (Li et al., 2022). Therefore, we
investigated whether TNDE, enriched with LOPs, could exhibit similar
protective effects against immunosuppression in LLC mice undergoing
chemotherapy (Fig. 3A and B). Mice receiving TNDE nutritional support
exhibited higher immune organ indices compared to the CTX group.
Increased TNDE doses led to spleen indices gradually returning to
normal levels. The spleen and thymus play essential roles in immune
function, with their organ indices serving as critical markers of immu-
noregulatory capacity (Wang, Hsia, et al., 2021). These results indicate
that TNDE can partially mitigate chemotherapy-induced immunosup-
pression. Spleen and thymus enlargement was observed in LLC mice not
receiving chemotherapy, likely due to antigen release from proliferating
tumor cells, which may induce immune organ expansion.

Pro-inflammatory cytokines, TNF-a and IL-6, are critical in the
development and progression of various inflammatory diseases. Malig-
nancies and complications arising from tumor treatment are often
associated with elevated levels of these cytokines (Naudhani, Thakur,
Ni, Zhang, & Wei, 2021). Compared with the control group, serum levels
of the TNF-a and IL-6 were remarkably elevated in both the tumor and
CTX groups (Fig. 3C and D) (P < 0.01). These findings indicate that
tumor progression and chemotherapy stimulate the release of
pro-inflammatory cytokines, thereby affecting cellular immunity and
inhibiting immune regulation. Serum levels of these pro-inflammatory
cytokines were significantly reduced in TNDE-supplemented mice
compared with the CTX group (P < 0.01) and returned to levels com-
parable to those of normal mice. These results suggest that oral nutri-
tional supplements enriched with prebiotic ®-3 PUFAs, such as EPA and
DHA, may effectively reduce pro-inflammatory cytokine release
(Zepeda-Hernandez, Garcia-Amezquita, Requena, & Garcia-Cayuela,
2021).

Malnutrition symptoms in treated tumor patients are often followed
by immunosuppression, increasing susceptibility to infections (Windsor
et al.,, 1998). As shown in Fig. 3E and F, TNDE supplementation at
different oral doses resulted in a dose-dependent increase in IgG and IgM
serum levels in LLC mice undergoing chemotherapy. Immunoglobulins,
essential proteins for immune responses, possess antibody functions and
play diverse roles in immunity. IgG, the most abundant serum immu-
noglobulin, and IgM, the largest in molecular weight, serve as key
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TNDE-L |

Fig. 4. Histopathological evaluation of the ameliorative effects of TNDE on spleen and liver in LLC mice undergoing CTX-chemotherapy (200x magnification). (A)
Spleen tissue. Arrows represent splenic corpuscle. (B) Liver tissue. CV represent center veins, VD represent vacuolar degeneration, IC represent inflammatory cellular

infiltration.

indicators of humoral immune function (Li et al., 2022). Collectively,
TNDE may effectively mitigate chemotherapy-induced immunosup-
pression by maintaining immunoregulatory balance, inhibiting the
production of pro-inflammatory factors, and enhancing immunoglob-
ulin secretion.

3.2.4. Effect of TNDE on hematologic parameters in LLC mice

In clinical practice, hematologic parameters, including red blood cell
(RBC) count, hemoglobin (HGB) levels, white blood cell (WBC) count,
granulocyte (GRAN) percentage, and lymphocyte (LYM) percentage, are
key indicators used to evaluate chemotherapy-associated cachexia
(Zhang, Zhou, et al., 2021). Hematological analyses of mice were per-
formed, with results summarized in Table 2. All hematologic parameters
in the CTX group were notably reduced compared to those in the control
and tumor groups (P < 0.01). Mice treated with TNDE exhibited a
dose-dependent improvement in these parameters, though most changes
did not reach statistical significance (P > 0.05). Notably, TNDE sup-
plementation significantly increased RBC levels in
chemotherapy-treated mice compared to the CTX group (P < 0.05). The
observed improvement may be attributed to the critical role of RBCs in
immunomodulatory responses, including maintaining tissue oxygena-
tion, acid-base balance, metabolic support, macrophage interactions,
and signal transmission (Gao et al., 2019). These findings suggest that
oral nutritional supplements, such as TNDE, can mitigate the adverse
effects of chemotherapy and synergistically enhance treatment out-
comes by providing high-quality nutrients.

3.2.5. Effect of TNDE on tissue in histopathological evaluation

The condition of immune organs is considered a fundamental indi-
cator of an organism’s immune potential, and the spleen is a vital
immunological organ (Martini et al., 2016). Chemotherapy-induced
splenic injury results from CTX-induced immunomodulatory dysfunc-
tion. To assess the ameliorative effects of TNDE on
chemotherapy-induced = immunosuppression, the  pathological
morphology of mouse spleen tissue was examined using H&E staining
(Fig. 4A). In normal mice, splenocytes are tightly arranged, splenic
corpuscles are well-defined, red and white pulp boundaries are distinct,
and marginal areas appear normal. LLC mice not receiving chemo-
therapy showed dysplasia of splenic corpuscles. In contrast, LLC mice
treated with chemotherapy exhibited severe damage to splenic corpus-
cles, including extensive destruction of the periosteal structure, a

significant reduction in lymphocyte numbers, blurred red and white
pulp boundaries, and thickened marginal zones. Chemotherapy-induced
damage to immune organs and inhibition of splenic lymphocyte prolif-
eration resulted in a marked suppression of immune function (Xu et al.,
2023). Increasing oral doses of TNDE gradually restored the germinal
centers of chemotherapy-treated LLC mice to levels comparable to those
in normal mice. Lymphocyte numbers significantly increased, red and
white pulp boundaries became distinct, and splenocytes exhibited an
orderly arrangement, resembling the splenic morphology of normal
mice. These observations align with the previously reported spleen
index results. Ovalbumin-digested peptides have been shown to mitigate
CTX-induced splenic damage, enhancing immunological function (Shao,
Li, Zhu, & Sun, 2024). These findings suggest that TNDE alleviates
immunosuppression in mice by mitigating immune organ damage and
regulating cytokine production.

In addition to splenic damage, chemotherapy commonly causes liver
injury (Zhang et al., 2022). To evaluate the protective effects of TNDE,
the pathological morphology of liver tissue was analyzed (Fig. 4B). In
normal mice, liver tissue exhibited a clear structure, binucleated hepa-
tocytes, uniform chromatin, and no signs of inflammatory cell infiltra-
tion. In the tumor group, central veins and hepatocyte arrangements
appeared disorganized. Chemotherapy further exacerbated liver dam-
age in LLC mice, evidenced by inflammatory cell infiltration, narrowed
hepatic sinusoids, unclear cell boundaries, reduced binucleated cells,
vacuolar degeneration of hepatocytes, and necrosis around the central
veins of hepatic lobules. The liver plays a critical role in detoxifying
foreign substances through biotransformation. When the toxic load ex-
ceeds the liver’s capacity, cellular membranes become damaged, leading
to hepatic dysfunction (Hong, Shen, Huang, Wu, & Xie, 2022). Oral
administration of TNDE improved liver tissue structure, as evidenced by
the gradual resolution of central venous necrosis and restoration of
hepatocyte arrangement to a normal, orderly pattern. Hepatic sinusoids
appeared clear and inflammatory cell infiltration was absent. These
findings  suggest that TNDE  supplementation alleviates
chemotherapy-induced hepatocellular injury, though the specific
metabolic pathways involved require further investigation.

3.2.6. Effect of TNDE on metabolism in LLC mice

To investigate the regulatory mechanisms underlying the adjunctive
nutritional support provided by TNDE, untargeted metabolomics anal-
ysis was performed on liver tissue samples. Group consistency and



J. Li et al. Food Bioscience 64 (2025) 105968

A, A,
87.63 ® 88.70 e
[
. Conrtol

55.71 52.71
~ < . Tumor
2 [} @cTXx 2 ® ° @crx
= 1
22379 G @ TNDE-H L1672 ® @ TNDE-H
c
5 @qc o Y [ ] @coc
-]

- 98.10
53.09
8.08 o)
« A0
36.93 (‘,7-“(’
52.

45 -81.94 v

30
B, B, % 4 @TNDE-H
@®CTX
20 50 T
20}

—
<

Orthogonal Component1(17.60%)
]

)
-10f °
-20¢ A
=30+ ) ) ) \fl . ) ) -40
30 20 10 0 120 30 40 30 20 -10 0 10 20 40
Component1(18.30%) Component1(25.20%)
C G,
1 127 R2=(0, 0.9914), Q*=(0, 0.0447) OR’ AQ? 1.21 R2=(0, 0.9715), Q*=(0, 0.0424) OR* AQ*
8- --0--—-9---0---@---® SRR EEEE EEEE Rl R
E 08t _a g 08} -
E A , em T E -
g NS SEEY S g o B
S 04f I T 4 £ R
A A { A T T SR S S— o
=y = 4 A
e T -04
= -04r A = 4
E E 08}
ﬁ -0.8F A a A
-1.2+
-1'2 1 L ] L 1 L L 1 J
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Correlation coefficinet Correlation coefficient
D, 6r@upin D, ¢ @upesn)
@ nosig (354) @ nosig (218) ‘
5} @down (17) . L S| @down (19) .
. ;
S 4 Z 4 %
= =
> > 4
& 3} ST -3
=3 =
& &n °
S 2 ° ;3 2F g‘
1 Y [ 3
1 o ® t
0.5 -0.4 0.3 02 0

CTX vs Tumor

TNDE-H vs CTX [ ]

187 Tumor vs Control [

L
200 150 100 50 0

(caption on next page)



J. Lietal

Food Bioscience 64 (2025) 105968

Fig. 5. Multivariate statistical analysis (n = 6). 3-Dimensional PCA score plot in positive ion mode (A;) and negative ion mode (Az). OPLS-DA score plot for the
TNDE-H vs CTX in positive ion mode (B;) and negative ion mode (B;). OPLS-DA permutation plot for the TNDE-H vs CTX in positive ion mode (C;) and negative ion
mode (Cyp). Volcanic plot for the TNDE-H vs CTX group in positive ion mode (D;) and negative ion mode (D). Upset diagram showing the similarity and dissimilarity

of differentially expressed metabolites in different groups (E).
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Fig. 6. Metabolic pathway analysis of the Tumor vs Control (A), CTX vs Tumor (B), and TNDE-H vs CTX (C) based on the differential abundance score. A score of 1
represents a trend of up-regulation of the expression of all annotated differential metabolites in the pathway, —1 represents a trend of down-regulation of the
expression of all annotated differential metabolites in the pathway, and the length of the line segment indicates the absolute value of DA Score. The size of the dots
indicates the number of annotated differential metabolites in the pathway, and a larger dot indicates a higher number of differential metabolites in the pathway.

differences were evaluated using three-dimensional principal compo-
nent analysis (3D-PCA) and orthogonal partial least squares discrimi-
nant analysis (OPLS-DA) (Fig. 5A;-By). Metabolic profiles differed
significantly among the Control, Tumor, CTX, and TNDE-H groups, with
clear separations observed in both positive and negative ion modes.
These findings indicate that CTX chemotherapy substantially altered
hepatic metabolism in mice. Additionally, the robustness of the OPLS-
DA model was confirmed through 200 permutation tests ®R? > 0.97),
confirming strong reliability and the absence of overfitting (Fig. 5C; and
Cz). A volcano plot, generated using VIP >1 and P < 0.05 as criteria,
highlighted significant alterations in metabolite levels across groups in
dual ion modes. Comparisons between the TNDE-H and CTX groups
revealed 108 upregulated and 36 downregulated metabolites (Fig. 5Dq

10

and Dy), indicating substantial metabolic variations between these
groups. An upset diagram was constructed to visually compare differ-
entially expressed metabolites across groups (Fig. 5E). This analysis
identified 121 unique metabolites in the CTX vs Tumor group, 144
unique metabolites in the TNDE-H vs CTX group, and 20 shared me-
tabolites between the two comparisons.

Functional pathway analysis of the identified differential metabolites
was conducted using the KEGG database to uncover key functional and
metabolic pathways. Pathway classification indicated that amino acid
and lipid metabolism pathways constituted the largest proportion
(Fig. 6). The results showed that CTX chemotherapy significantly
impacted several metabolic processes, including glycine, serine, and
threonine metabolism, arginine biosynthesis, «o-linolenic acid
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metabolism, glycerophospholipid metabolism, glutathione metabolism,
linoleic acid metabolism, steroid hormone biosynthesis, and ascorbate
and aldarate metabolism in the CTX vs Tumor group. However, TNDE
administration significantly up-regulated glycosylphosphatidylinositol-
anchor biosynthesis, sphingolipid metabolism, arachidonic acid meta-
bolism, phenylalanine metabolism, biotin metabolism, and folate
biosynthesis. These findings align with a previous report by Zhang et al.
(2024). Enrichment analysis further suggested that steroid hormone
biosynthesis and folate biosynthesis are potential regulatory targets for
TNDE in modulating hepatic metabolic pathways.

LLC mice exhibited enhanced cancer cell proliferation through sig-
nificant upregulation of specific metabolic pathways. In contrast, CTX
chemotherapy combined with oral TNDE effectively regulated these
pathways, inhibiting tumor growth. Metabolites associated with meta-
bolic disturbances, including 2-Hydroxyestradiol, Tetrahydrocortisone,
30,11p,21-Trihydroxy-20-oxo-5p-pregnan-18-al, cortisol, cortolone, and
dihydrocortisol, were significantly downregulated in chemotherapy-
treated LLC mice following TNDE administration (Table S3). Steroid
hormone biosynthesis, the pathway with the highest enrichment factors,
was primarily influenced by the differential expression of cortisol.
Aberrant expression of cell membrane transporter proteins has been
implicated in lung cancer progression. The steroidogenic acute regula-
tory protein (StAR), a transmembrane transporter, facilitates cholesterol
transfer from the outer to the inner mitochondrial membrane, a critical
and rate-limiting step in cortisol synthesis (Tang et al., 2017). High
expression levels of StAR have been associated with better prognostic
outcomes (Cao et al., 2021). These findings suggest that the combination
of CTX chemotherapy and oral TNDE inhibited cortisol production by
upregulating steroidogenic acute regulatory proteins, thereby miti-
gating the malignancy associated with chemotherapy. Folate biosyn-
thesis also emerged as a significantly regulated pathway following TNDE
administration. Metabolites involved in this pathway, such as 7-Amino-
methyl-7-carbaguanine and folic acid, were significantly upregulated.
Folic acid is crucial for maintaining genomic stability by regulating DNA
biosynthesis, repair, and methylation (Krupenko et al., 2019). The
interconnected reactions of folate metabolism, known as single-carbon
metabolism, include processes such as amino acid synthesis, nucleo-
tide production, and breakdown (Tibbetts & Appling, 2010). TNDE
positively modulated folate biosynthesis, balancing cellular energy and
promoting metabolic stability. These findings suggest that TNDE miti-
gates chemotherapy-induced cachexia by restoring abnormal cellular
energy metabolism and nutrient absorption while preserving chemo-
therapeutic efficacy.

4. Conclusion

The findings of this study demonstrate that TNDE is a nutritionally
advantageous supplement enriched with BCAAs, hydrophobic amino
acids, and -3 PUFAs. TNDE supplementation significantly alleviated
immunosuppression, malnutrition, and other symptoms of cachexia in
LLC mice undergoing CTX chemotherapy. Additionally, TNDE enhanced
the therapeutic efficacy of CTX by downregulating steroid hormone
biosynthesis and upregulating folate biosynthesis. These results suggest
that TNDE holds potential as a functional emulsion for enteral nutri-
tional intervention in oncology patients during treatment.
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