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ARTICLE INFO ABSTRACT
Keywords: Squalene (SQ) is a natural compound with anti-inflammatory, anti-cancer, and anti-oxidant ef-
Microarray analysis fects, but due to its low solubility, its biological properties have been greatly underestimated. This

Transcriptome analysis

study aims to explore the differences in gene expression patterns of four newly synthesized
Adipocyte differentiation

Squalene arrllphipathic fethylene glycol (]%IG) derivatives of SQ.by who.le—genor.ne transcr.iptornic.s analysis

Ethylene glycol derivatives using DNA microarray to examine the mRNA expression profile of adipocytes differentiated from

3T3-L1 cells 3T3-L1 cells treated with SQ and its EG derivatives. Enrichment analyses of the transcriptional
data showed that compared with SQ, its EG derivatives exerted different, in most cases desirable,
biological responses. EG derivatives showed increased enrichment of mitochondrial functions,
lipid and glucose metabolism, and inflammatory response. Mono-, di-, and tetra-SQ showed
higher enrichment of the cellular component-ribosome. Histological staining showed EG de-
rivatives prevented excessive lipid accumulation. Additionally, mitochondrial transcription fac-
tors showed upregulation in tetra-SQ-treated cells. Notably, EG derivatives showed better anti-
inflammatory effects. Further, gene-disease association analysis predicted substantial improve-
ment in the bioactivities of SQ derivatives in metabolic diseases. Cluster analyses revealed di- and
tetra-SQ had more functional similarities than others, reflected in their scanning electron mi-
croscopy images; both di- and tetra-SQ self-organized into similar sizes and shapes of vesicles,
subsequently improving their cation binding activities. Protein-protein interaction networks
further revealed that cation binding activity might explain a major part, if not all, of the differ-
ences observed in functional analyses. Altogether, the addition of EG derivatives may improve the
biological responses of SQ and thus may enhance its health-promoting potential.
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Fig. 1. Gene expression patterns in SQ and EG derivatives treated cells.
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(a) Chemical structures of SQ and EG derivatives (mono-SQ, di-SQ, tri-SQ, tetra-SQ). (b) Cell viability results after 24-h treatment of SQ and EG
derivatives on 3T3-L1 cells, n = 3. *p < 0.05; ANOVA followed by Dunnett’s post hoc test. (¢) Volcano plot of DEGs between SQ- and EG derivative-
treated and control 3T3-L1 cells. The X-axis displays linear fold change, and the Y-axis corresponds to -log10 p-values. Filter criteria for DEGs were
set at p-value <0.05, and —1.1> fold change >1.1. The red dots represent the upregulated genes; the green dots represent the downregulated genes.
The grey dots represent the genes that did not pass the filter criteria. (d) Bar graphs of fold change distribution of up- and down-regulated DEGs in

SQ- and EG derivatives-treated groups.
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1. Introduction

Squalene (SQ) is a natural polyunsaturated hydrocarbon, which was first discovered in shark liver fish oil [1,2] and has a wide
range of sources, not only from fish liver oil but also in various plant seeds [3,4]. In recent years, due to cost and environmental
protection considerations, SQ has also been extracted from microorganisms [5]. SQ plays an important role as a precursor for
cholesterol synthesis in animals and plants [6]. According to published results, SQ inhibits not only the superficial tumor but also the
growth of tumors of internal organs [7]. In addition, SQ also plays an important role in anti-inflammation [8,9], improving steroid
metabolism and cardiovascular and cerebrovascular diseases [10]. However, despite several promising roles of SQ, its applicability to
humans has been met with only limited success, largely due to the hydrophobic structure of SQ. Due to the low solubility in water, SQ
will accumulate in the serum after oral intake but can not elevate serum cholesterol levels [11], indicating its low bioavailability in
vivo.

In this regard, structural modifications of natural products have been receiving great attention as the semisynthetic derivatives
have been proven valuable sources of new drug candidates with a variety of biological as well as pharmacological activities. For
example, polyethylene glycol (PEG)-coated nanoparticles can help improve the efficiency of drug delivery to target cells and tissues
[12] and can also be covalently linked to proteins to form derivatives that improve pharmacokinetics [13]. Therefore, finding a method
to improve the hydrophobicity of SQ is a good way to improve its utilization in vivo.

In our previous efforts to investigate how ethylene glycol (EG) moiety affects the functions of SQ, we found that amphiphilic SQ
derivatives can inhibit inflammation by regulating the expression of inflammatory mediators and proinflammatory factors [14,15],
and promote lipogenesis by improving glucose homeostasis and energy metabolism [15]. In addition to the proven mono-SQ, the
newly synthesized EG derivatives of SQ (di-SQ, tri-SQ, and tetra-SQ) can also overcome the hydrophobic properties of SQ [16];
however, their biological role remains to be confirmed.

In the present study, we aimed to explore the biological activities of EG derivatives of SQ and compare their functionalities with SQ
through employing an untargeted whole-genome transcriptomic analysis approach. We examined the effects of SQEGs on gene
expression during 3T3-L1 preadipocyte cell differentiation and evaluated their roles in key biological functions, including lipogenesis,
lipid accumulation, mitochondrial function, and inflammation.

2. Materials and methods
2.1. Chemicals

SQ was purchased from Tokyo Chemical Industry Co., Ltd. Under the catalysis of Squalene Monooxygenase, SQ reacts with NADPH
and molecular oxygen to form 2,3-epoxysqualene. Subsequently, four EG derivatives of SQ (Fig. 1a) were synthesized by adding one to
four mono-ethylene glycol moieties to 2,3-epoxysqualene [14,16].

2.2. 3T3-L1 preadipocyte culture and adipogenic differentiation

The 3T3-L1 preadipocytes were seeded to confluency for two days in the induction medium, which was prepared by 1% iso-
butylmethylxanthine, 1% dexamethasone and 1% insulin. Three days after induction, cells were cultured in a differentiation medium
prepared with 1% insulin, treated with 5 pg SQ or 5 pg EG derivatives for another 11 days. The differentiation medium was changed
every two days.

2.3. Cell viability assay

3T3-L1 preadipocytes were prepared as a single-cell suspension, seeded into 96-well plates at 1000 cells per well and incubated for
24 h. After the cells were treated with SQ or its derivatives for 24 h, 5 mg/mL 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT assay) solution (PBS as solvent, 20 pL/well) (Dojindo, Kumamoto, JP) was added, and the culture was terminated after
continuing to incubate for 4 h. Then, dimethyl sulfoxide (DMSO) was used to dissolve the MTT formazan. The microplate reader
(Powerscan HT) was used for soluble formazan measurement at 490 nm absorbance.

2.4. Lipid droplets (LDs) red oil staining

Cells were seeded on glass slides, differentiated with or without SQ and its derivatives, and slides were incubated in propylene
glycol for 2 min according to the protocol of the Oil Red O (ORO) Stain Kit (Cayman Chemical, MI, United States). Slides were
incubated in ORO solution for 6 min and differentiated again in 85% propylene glycol for 1 min. Slides were then rinsed and incubated
in hematoxylin for 1-2 min. Finally, ORO staining of LDs images was obtained using a Leica TCS SP8 confocal microscope.

2.5. RNA isolation and real-time PCR
Total RNA was extracted from mature adipose cells using ISOGEN reagent (Nippon Gene, Tokyo, Japan), and reverse-transcribed

using the SuperScript™ IV VILO™ Master Mix (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocols. RNA was
reverse transcribed and amplified to obtain single-stranded Complementary DNA (cDNA). NanoDrop 2000 spectrophotometer
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(Thermo Fisher Scientific, MA, USA) was used to measure the cDNA concentration. Superscript IV Reverse Transcriptase Kit (Thermo
Fisher Scientific, MA, USA) was used for RNA reverse transcription to cDNA, according to manufacturer’s instructions. Amplification
reactions of cDNA were performed by using the Applied Biosystems 7500 Fast Real-Time PCR System (Thermo Fisher Scientific Inc,
MA, USA). Relative expression of mRNA was calculated by 2-AACt method and Gapdh was selected as an internal reference gene to
normalize gene expression. All TagMan primers (Applied Biosystems) were purchased from Thermofisher Scientific Inc.

2.6. Microarray analysis

Whole-genome microarray analysis of cells treated with SQ and EG derivatives was performed on Affymetrix’s GeneAtlas® System
(Affymetrix Inc., Santa Clara, CA, USA), according to instructions provided by the manufacturer. First, total RNA was isolated from
3T3-L1 cells using ISOGEN. cDNA was synthesized by GeneChip WT PLUS Reagent Kit (Thermo Fisher Scientific, MA, USA), then in
vitro transcription, quantification, purification and reverse transcription of cRNA were performed. Next, the synthesis, purification,
fragmentation and labeling of single-stranded cDNA were performed. Fragmented and labeled cRNA samples were hybridized using
the cartridge array (Clariom S array, mouse; Thermo Fisher Scientific, MA, USA) on the GeneChip™ Fluidics Station and scanned by
GeneChip Scanner (Thermo Fisher Scientific, MA, USA). Washing, staining, and scanning of the hybridized arrays were performed
using GeneChip™ Hybridization, Wash and Stain Kit.

2.7. Microarray data processing and subsequent analyses

Raw image data processing and normalization was performed with Transcriptome Analysis Console (TAC) software version 4.0.2
(Thermo Fisher Scientific, MA, USA) following the signal space transformation robust multi-chip analysis (SST-RMA) algorithm, which
background reduced via GC Correction Version 4. Then, the gene level analysis was performed using the Limma Bioconductor package
in TAC software. Filter criteria for differentially expressed genes (DEGs) were set at p-value <0.05, and —1.1> linear fold change >1.1.
DEGs were analyzed using the functional annotation tools of The Database for Annotation, Visualization and Integrated Discovery
(DAVID) Knowledgebase [17] (https://david.ncifcrf.gov/. Accessed on May 2, 2022). A generic PPI network was constructed using an
online tool NetworkAnalyst version 3.0 [18]. We built the first-order PPI network using the IMEx Interactome database comprised of
Literature-curated comprehensive data from InnateDB [19]. Heatmaps were generated by the Morpheus online tool (https://software.
broadinstitute.org/morpheus. Accessed on May 26, 2022). Gene-disease association was predicted by the Comparative Tox-
icogenomics Database (CTD) (http://ctdbase.org/Accessed on July 10, 2022). Transcription factor co-occurrence was checked by
Enrichr (https://maayanlab.cloud/Enrichr/Accessed on November 5, 2022)

2.8. Scanning electron microscopy (SEM) imaging of SQ derivatives aggregations

SEM measurement was conducted on a Hitachi S-4300 field-emission scanning electron microscopy. The dried sample was sub-
jected to SEM observation at an acceleration voltage of 1.0 kV.

2.9. Statistical analysis

Values were expressed as mean + SEM. GraphPad Prism 9.0 was used for data analysis and image processing. Differences between
the groups were analyzed using ANOVA followed by Dunnett’s posthoc test. P-values smaller than 0.05 were considered statistically
significant.

3. Results
3.1. SQ and its EG derivatives induced different gene expression patterns during 3T3-L1 cell differentiation

Cell viability is one of the important indicators in the process of cell induction and differentiation. The cell viability rate of 3T3-L1
cells was evaluated by different doses of SQ and its EG derivatives for 24 h (Fig. 1b), and all compounds showed no significant
cytotoxicity on 3T3-L1 cells until 80 pM of dose.

We separately examined the differentiation conditions of 3T3-L1 cells cultured after 7, 9, and 14 days; the cells reached full
maturity by day 14 (Fig. S1). Furthermore, our study checked the impacts of SQ and its derivatives at 5 pM, 10 pM, and 20Mm doses.
Given our objective to compare the effect across several derivatives, we kept the lowest dose for further analysis. Therefore, we
selected 3T3-L1 cells treated with 5 pM of SQ and its derivatives for 14 days for microarray analysis.

Compared to the control group, genes with p-value <0.05, and —1.1> linear fold change >1.1 in all 22206 gene probe sets were
identified as DEGs. Volcano plots showed up- and downregulated DEGs (Fig. 1¢). Compared with the SQ-treated group, all derivatives
promoted the expression of DEGs shown in the butterfly bar graph. The di-SQ and tri-SQ groups had comparable changes in the number
of DEGs, and the tetra-SQ group had the highest number of DEGs (Fig. 1d). In tetra-SQ treated cells, 2144 genes were differentially
expressed, among which 838 DEGs were upregulated and 1306 DEGs were downregulated.
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Fig. 2. Functional similarity of SQ and EG derivatives.

(a) GO analysis in SQ and its derivatives. Bubble plots showing the significance and enrichment of BP, CC and molecular functions (MF) in SQ and
EG derivatives-treated cells compared to control cells. The size of the dot represents the count of gene expression in that term, color represents the p-
value, dark grey dots for unexpressed GO term. (b) Heatmaps showing —log10 (P-value) of WikiPathways. (c) Hierarchical cluster plot with sta-
tistically enriched terms using genes included in heatmap pathways. Statistically enriched terms accumulative hypergeometric p-values and
enrichment factors were calculated and used for filtering by Metascape. Remaining significant terms were then hierarchically clustered into a tree
based on Kappa-statistical similarities among their gene memberships. Then 0.3 kappa score was applied as the threshold to cast the tree into term
clusters. (d) The Circos plot shows how genes from the heatmap gene list overlap. Each arc represents a gene list. The dark orange color represents
shared genes, while the light orange color represents unique genes in SQ or EG derivatives. Purple lines link the same shared gene. (e) A PPI network
was made using the above pathway gene list. Network nodes are displayed as pies. The color code for the pie sector represents a component.
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3.2. SQ and its EG derivatives regulated a wide range of biological functions
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We conducted gene ontology (GO) enrichment analyses to explore the biological functions of SQ and its derivatives. Significant GO
biological processes and cellular components with a p-value <0.05 were selected.
In GO analysis, SQ and its derivatives showed different expression patterns. Terms related to glucose metabolism, lipid metabolism
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and membrane were significantly enriched in SQ. Mono-SQ can induce more GO term expressions related to cellular transport & cell
adhesion, ribosome, protein complex and inflammatory response. Genes induced by di-SQ were enriched in cellular transport & cell
adhesion, membrane, ribosome, neurogenesis and oxidative stress-related GO terms. Genes expressed in cells induced by tri-SQ
showed a similar expression pattern to SQ and were enriched in the GO terms, including cellular transport, cell adhesion, glucose
metabolism, lipid metabolism, inflammatory response and membrane. The tetra-SQ group had the highest count of enriched genes and
covered all terms except glucose & lipid metabolism (Fig. 2a, Figs. S2a and b). These data suggested that both SQ and its derivatives can
significantly enrich biological processes, cellular components and molecular functions, and EG derivatives showed better effects in
ribosome and anti-inflammation.

3.3. SQ and its EG derivatives regulated signaling pathways during 3T3-L1 cell differentiation

We next examined the effects of SQ and its derivatives on signaling pathways during the induced differentiation of 3T3-L1 pre-
adipocytes. We selected pathways related to adipose differentiation and lipid metabolism and then ranked them according to their
biological process in vivo. SQ and its derivatives showed similar ability in regulating extracellular signal & signal transduction. All five
components can enhance the mRNA process and cytoplasmic ribosome protein pathway, but in mitochondrial activity and oxidative
phosphorylation-related pathways, mono-SQ, di-SQ and tetra-SQ showed more obvious enhancement. Similarly, cell cycle & cell
differentiation are also strongly induced by mono-SQ, di-SQ, and tetra-SQ, not SQ or tri-SQ. All derivatives were associated with the
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enrichment of pathways involved in fatty acid and glucose metabolism, and the effect of tetra-SQ is the most obvious. Simultaneously
inflammatory pathways were significantly enriched in all derivatives (Fig. 2b, Figs. S3a-d).

Since the biological processes involved in SQ and the four EG derivatives showed significant differences, we made a hierarchical
clustering plot using the significantly enriched genes involved in Fig. 2B to check the similarity of SQ and the four derivatives’
expression patterns. Through the clustering plot, we found di- and tetra-SQ had the highest similarity of expression patterns, followed
by mono-SQ. SQ and tri-SQ had relatively close expression patterns (Fig 2c—e), and more than half of the genes of tetra- and tri-SQ were
unique genes (Fig. 2d). The three most strongly expressed pathways were related to focal adhesion, oxidative stress, and cytoplasmic
ribosome (Fig. 2c).

Therefore, further examination of overlapping genes’ functions of the derivatives may help us intuitively understand the changes in
the transcriptome.

3.4. Four EG derivatives showed similar functions in DNA and RNA processes

A Venn diagram of five components was created to explore further the similar functions between SQ and its derivatives and the
unique role of each derivative. The five components share 41 common genes, which play a role mainly in regulating lipid storage and
glucose metabolism (Fig. 3a); 4 derivatives shared 114 genes and were significantly enriched in DNA and RNA-related processes, in
particular, large and small ribosomes were closely related in the predicted protein-protein interaction network (Fig. 3a and b). In
addition, each component had unique genes and physiological roles. SQ was related to signal transduction and lipid metabolism,
mono-SQ was related to lipoprotein, the most specific function of di-SQ was to regulate insulin secretion, tri-SQ regulated cell dif-
ferentiation, genes in tetra-SQ-treated enhanced in transmembrane transport GO term (Fig. 3a). We also examined the relationship of
genes in each derivative to pathways related to lipid metabolism or adipocyte differentiation by chord plots. All derivatives were
associated with downregulated inflammatory pathways. Genes and pathways related to gluconeogenesis, lipid synthesis, and leptin
were downregulated by mono-, di-, and tri-SQ, but not tetra-SQ. In addition, genes and pathways related to the inhibition of dendrite
development were downregulated by di-SQ, while genes and pathways related to cell adhesion and ion transport were downregulated
by tetra-SQ (Fig 3c-f). Among the upregulated pathways, di- and tetra-SQ were consistently associated with cell cycle and DNA
metabolism and repair. Tri-SQ, like mono-SQ, was significantly related to signal transduction and ion transport (Fig 3c—f). Through
parallel analysis of the four EG derivatives, we found that the expression patterns of di-SQ and tetra-SQ had the highest similarity,
followed by mono-SQ, and tri-SQ had a unique expression pattern that was more similar to SQ. The common function of the four
derivatives lies in the anti-inflammatory effect and regulation of DNA, RNA, and translation process.

3.5. Transcriptional factors of preadipocyte differentiation were markedly affected by EG derivatives of SQ

To verify the conclusions drawn by microarray at the gene level, we used the TF co-occurrence data set from Enrichr to detect the
expression of transcription factors and used real-time PCR to verify the conclusions. Mitochondria not only regulate cellular energy
homeostasis but are also strongly associated with adipose tissue, such as lipid metabolism, insulin sensitivity, and metabolic diseases
[20]. Thus, we checked transcription factors related to mitochondrial biogenesis [21,22], transcription factor A, mitochondrial (Tfam)
and peroxisome proliferator-activated receptor gamma (Pparg) coactivator 1 (Ppargcl) as transcription factors to check how de-
rivatives influence mitochondrial function. Tetra-SQ has the largest DEG numbers in 2 transcription factors related to mitochondrial
function, followed by mono. Tetra-SQ also has the highest combined score, which was calculated using z-score and p-value. The
real-time PCR results also showed that compared with the control group, only tetra-SQ could significantly increase Tfam and Ppargc1
expression levels, although SQ and its derivatives showed an overall upregulated tendency (Fig. 4a).

We then selected adipogenesis markers CCAAT enhancer binding protein alpha (Cebpa) and Pparg as TFs to validate the effect of SQ
and its derivatives on adipogenesis. Similarly, tetra-SQ induced more overlap of genes associated with Cebpa and Pparg, followed by tri-
SQ. And tri-SQ had the highest combined score in Pparg, while tetra-SQ had the highest combined score in Cebpa. As to Real Time-PCR
results, all EG derivatives significantly enhanced the expression levels of Cebpa and Pparg compared to the control group, except tri-SQ
in Pparg expression (Fig. 4b).

Unlike adipogenesis, lipogenesis is prone to obesity and diabetes [23]. Sterol regulatory element binding protein-1 (SrebfI) plays an
important role in liver-induced lipogenesis, causing the accumulation of excess nutrients in the body [24]. According to the TF
co-occurrence data set, tetra-SQ and mono-SQ accounted for the largest number of overlapped genes and combined scores, respec-
tively. Compared with the control group, Srebf1 expression levels in the EG derivative groups showed a downregulated tendency and
had significance in di-, tri-, and tetra-SQ treated group (Fig. 4c).

Overall, we found that all EG derivatives can promote adipogenesis, and tetra-SQ treatment had a better effect in terms of
improving mitochondrial function and alleviating lipid accumulation.

Effects of SQ and its derivatives on the expression of genes associated with (a) mitochondrial function, (b) Adipogenesis, (c)
lipogenesis. Blue bar graphs (left) showing the number of overlapped DEGs and the combined scores of TF co-occurrence data set from
microarray data. Orange bar graphs (right) showing mRNA expression in RT-qPCR.

3.6. Di- and tetra-SQ induced the generation of smaller LDs in adipocytes

Adipogenesis and lipid accumulation will be manifested as an increase in the number of LDs and an increase in the size of LDs,
respectively. The size of LDs has a significant impact on adipocyte metabolism. Excess energy in the body is stored in LDs, and the
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increase in LD size leads to pathological overgrowth of adipose tissue, such as inflammation, fibrosis, and insulin resistance [25,26].

Therefore, we also want to explore how SQ, and its derivatives could influence LD content and size in induced adipocytes.
Compared with the control group, SQ and its derivatives could generate a larger number of LDs as found inORO staining images,
especially tri- and tetra-SQ. However, compared to the control and SQ-treated groups, di- and tetra-SQ-treated groups showed smaller
LDs (Fig. 5a). Then, we further examined the expression of genes associated with the formation of smaller LDs. The heatmap result
showed the related genes in mono-, di-, and tetra-SQ were upregulated, in the SQ group were not expressed, and in the tri-SQ group
were downregulated (Fig. 5b), which was consistent with the results in Fig. 5A. Furthermore, results of real-time PCR analysis showed
that genes related to smaller LD formation, like eukaryotic translation initiation factor 4A3 (Eif4a3), were significantly upregulated by
di- and tetra-SQ and were downregulated by SQ. The same trend was observed in TATA-box binding protein associated factor 9 (Taf9).
However, the changes were not significant (Fig. 5c and d).

These results suggested that di- and tetra-SQ induced 3T3-L1 cells to generate large numbers and smaller-sized LDs during dif-
ferentiation, which may improve inflammatory or metabolic diseases.

SQ and its derivatives modulated lipid droplet formation in 3T3-L1 cells lipid droplets with different phenotype. (a) Representative
Oil Red O staining images at the D14 after the adipocyte induction. (b) Heatmap showing the expression pattern of DEGs in microarray
that regulate lipid droplets size. mRNA expression of (c) Eif4a3 and (d) Taf9 in RT-qPCR in SQ and its derivatives treated cells.
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3.7. EG derivatives ameliorated cellular inflammation and metabolic diseases

We investigated the effects of SQ and its EG derivatives on inflammatory responses and metabolic diseases during adipogenesis.

According to the cytokines data in the microarray analysis, SQ and its derivatives could downregulate the expression of most
inflammatory cytokine genes, and 50 cytokine genes were downregulated by tetra-SQ. In all 80 adipokines from microarray data, SQ
and its derivatives prevented the overexpression of a large number of inflammatory cytokines (Fig. 6a and b). Compared to the control
group, all four EG derivatives can downregulate tumor necrosis factor (Tnf) expression level (Fig. 6¢).

A specific adipose cytokine gene, adiponectin (Adipoq), which is involved in glucose regulation and reduces the risk of type 2
diabetes, was detected [27,28]. Adipoq was significantly increased in the di- and tetra-SQ treated groups and slightly increased in the
mono-SQ treated group, although there was no statistical significance (Fig. 6d).

We next performed gene-disease association analysis to predict the effects of SQ and EG derivatives on human health. We mainly
targeted metabolic and immune system-related diseases. We found that SQ and EG derivatives were associated with fibrosis, liver
cirrhosis, nutritional and metabolic diseases, etc. Genes related to liver cirrhosis and fibrosis were downregulated in SQ and tri-SQ
treated groups. However, genes related to immune system diseases were upregulated in the SQ-treated group and downregulated
in the tri-SQ-treated group. Genes associated with the immune system, cirrhosis and nutrition and metabolism-related diseases were
equally upregulated and downregulated in mono-, di-, and tetra-SQ treated groups. Specifically, di- and tetra-SQ can downregulate
genes related to diabetes and glucose metabolism disorders, which may be associated with the formation of smaller LDs (Fig. 7a).

To verify these results, disease-associated genes were further tested on RT-qPCR. Sirtuin 3 (Sirt3) has a close relationship with the
regulation of adipogenesis and adipokine secretion, which may be a potential target for the improvement of type 2 diabetes [29].
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cytokine selected from microarray data. (c) Relative gene expression of Tnf and (d) Adipoq, normalized to Gapdh as endogenous control, treated with
5 pM SQ and its derivatives until D14.

10



Y. Cheng et al. Heliyon 10 (2024) 26867

a 0 2 4 6 8 10

Liver Cirrhosis ﬁ B Number of upregulated DEGs

Fibrosis ONumber of downregulated DEGs
Immune System Diseases B-log10 (corrected p-value)

Metabolic Diseases

SQ

Liver Cirrhosis
Fibrosis

Immune System Diseases

Nutritional and Metabolic Diseases

mono-SQ

Metabolic Diseases
Proteostasis Deficiencies

Fibrosis

Immune System Diseases
Liver Cirrhosis

Nutritional and Metabolic Diseases

di-SQ

Metabolic Diseases

Glucose Metabolism Disorders
Diabetes Mellitus

Fibrosis

Liver Cirrhosis

1i-SQ

Immune System Diseases

Immune System Diseases

Nutritional and Metabolic Diseases

Metabolic Diseases

Fibrosis

tetra-SQ

Liver Cirrhosis
Diabetes Mellitus
Glucose Metabolism Disorders

Sirt3 C Irsi Cir
2 - 2 - S
< 15 z 3 Q
% z * x mono-SQ
2 K , .
< 104 I == - dSQ
E E m ri-SQ
E £ . fetra-SQ
@ 0.5 @ 14
2z 2z
- -
S =
& 004 & 0
&L °’%o. .\ﬁo .\’%0, £ &L g%a .\'%o. _\&0 L
& ¥ o & S ¥ ‘é&
& Fasn

R

Relative mRNA levels
-
(]
1

0.0 T T T

¢ H H $
& W
&

&L
‘Q

\‘\

Fig. 7. Down- and upregulated metabolic disease and related gene. (a) Bar graph displaying the metabolic diseases that are statistically enriched
among DEGs of SQ and its derivatives. Blue bars represent the significance of enrichment, and red bars represent the number of upregulated DEGs.
Green bars represent the number of downregulated DEGs. The significance of enrichment is calculated by the hypergeometric distribution and
adjusted for multiple testing using the Bonferroni method. Expression of genes (b) Irs1, (c) Sirt3 and (d) Fasn in RT-qPCR.

Compared with the control group, both SQ and its EG derivatives treated groups showed an upregulation trend (Fig. 7b), although not
with statistical significance. Insulin receptor substrate 1 (Irs1) signaling regulates glucose homeostasis [30] and improves insulin
resistance [31]. After the induction of SQ and its EG derivatives, the expression level of IrsI showed an overall upregulation trend,
especially di- and tetra-SQ showed statistical significance (Fig. 7c). As a downstream gene of Srebf1, fatty acid synthase (Fasn) is also

11



Y. Cheng et al. Heliyon 10 (2024) e26867

associated with excessive lipid accumulation. Increased Fasn gene expression exacerbates impaired insulin sensitivity and is associated
with the development of type 2 diabetes [32], nonalcoholic fatty liver disease, and liver fibrosis [33]. Although genes related to fibrosis
and liver cirrhosis in both SQ and its EG derivatives were downregulated, and genes related to diabetes were downregulated in both di-
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Fig. 8. Structure and cation binding hub gene of EG derivatives. (a)Scanning electron microscopy images of SQ bearing oligoethylene glycol ag-
gregates in water, mono-SQ, di-SQ, tri-SQ and tetra-SQ. (b) The first-order PPI networks show cation binding-associated hub genes and their in-
teractions in 3T3-L1 cells treated with SQ and its derivatives. Network was built using the NetworkAnalyst version 3.0 software (https://www.
networkanalyst.ca/NetworkAnalyst/home.xhtml). (c) Top 10 cation binding hub genes and (d) top 5 negative- and positive-regulated KEGG
pathways in each group for dot plot.
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and tetra-SQ in Fig. 7A, Fasn was only significantly downregulated by tetra-SQ treatment (Fig. 7d).
3.8. EG derivatives of SQ (mono-SQ, di-SQ, tri-SQ, tetra-SQ) self-organized into vesicles in pure water

SQ is completely insoluble in polar solvents (water, DMSO, alcohols, etc.), which precludes its facile administration to living or-
ganisms, and it is also unclear how it forms molecular aggregates in a so-called polar cellular environment. In this study, we found for
the first time that the introduction of EG to SQ makes it soluble in polar solvents and forms large vesicles in water.

As shown in Fig. 8a of SEM images, the EG derivatives of SQ are self-organized into different vesicles in pure water. It was found
that the shape and size of the vesicles changed when only the length of EG moiety was just varied. As for the SEM figures, the length
error is about 20 %. That is, mono-SQ self-organized into one type of vesicle: rod oval-shaped vesicles: a length of 2.4 pm and diameter
width of 0.39 pm; di-SQ did two types of vesicles: rod oval-shaped vesicles: length of 2.9 pm and diameter width of 0.50 pm; spherical
vesicles: diameter of 0.44 pum; tri-SQ did one type of vesicle: spherical vesicles: diameter of 0.35 pm; and tetra-SQ did one type of
vesicle: spherical vesicles: diameter of 0.44 pm, respectively, in pure water.

We have already shown that the 440 nm diameter spherical vesicles of tetra-SQ are sensitive to the surrounding polar environment
and shrink to about 100 nm diameter spherical vesicles in the presence of alkaline earth metal cations [16]. Thus, it is suggested that
the shape of the self-assembled form of EG derivatives of SQ is highly dependent on the polar environment around the cell.

3.9. Cation-binding activity revealed the effects of EG derivatives on immune responses and other observed functional differences

We built PPI networks to explore whether the cation-binding activity of the SQ derivatives was responsible for the differences
observed in functional analyses.

In SQ and all derivatives, the top hub gene (with the highest degree) was the same for both "undirected’ and ’Cation Binding’ PPI
enrichment. Therefore, it can be assumed that the cation-binding activity of the derivatives is, in part, responsible for the transcrip-
tional regulation (Fig. S4). The first-order network directed for ’cation binding’ molecular function identified different hub genes in SQ
and its derivatives (Fig. 8b, Fig. S4, Table S1). In SQ, Nfe2 is the top hub node with the highest degree (degree = 31, betweenness =
6776.75, Fold change = —1.81). The top upregulated hub node in SQ is Sumol (degree = 13, betweenness = 3288.19, Fold change =
2.02). All the EG derivatives had the common top hub node (forkhead box P3) Foxp3; however, its degree of interaction and expression
varied among the derivatives. Foxp3 in mono-SQ expressed as degree = 61, betweenness = 20019.73, Fold change = —1.8, in di-SQ
expressed as degree = 61, betweenness = 16092.83, Fold change = —2.22, in tri-SQ expressed as degree = 59, betweenness =
14222.92, Fold change = —1.78, while in tetra-SQ, Foxp3 expressed as degree = 68, betweenness = 22886.19, Fold change = —2.05.

Several cation-binding associated hub nodes were responsible for transcriptional regulation (Fig. 8c). The top 10 cation binding
hub genes of SQ and its EG derivatives were selected to analyze top functions. In SQ, the hub gene Nfe2 showed similar interaction
(number of degrees) in mono-SQ but not in the other three EG derivatives. This result illustrates the similarity between SQ and mono
on the cation-binding hub genes, but not the others. Compared to SQ, all EG derivatives showed ten times higher interaction with hub
gene Foxp3, which plays an important role in immune tolerance [34], and showed the most obvious downregulation in di- and tetra-SQ
treatment groups (fold change = —2.22, —2.05 respectively), and the highest interaction in tetra-SQ treatment groups (number of
degrees = 68).

In addition, we also detected the KEGG pathways involved in the negative and positive regulation of transcription separately. In
negative regulation of transcription, except di-SQ was related to ribosome and cell cycle, tetra-SQ was related to cell cycle and
endocrine resistance, and all other top pathways in SQ and 4 EG derivatives were related to inflammatory response and immune
response. While in positive regulation of transcription, inflammatory response and immune response-related pathways expressed in SQ
and 4 EG derivatives. Ribosome and RNA processes-related pathways were upregulated by SQ and three derivatives except for tri-SQ.
Metabolic process-related pathways were upregulated by di- and tetra-SQ, especially tetra-SQ, which was involved in the expression of
the highest number of genes in these pathways (Fig. 8d). These results may reveal the reason why SQ-EG derivatives improved anti-
inflammatory function.

Since alkaline earth metal cations can shrink the 440 nm diameter spherical vesicles of tetra-SQ to about 100 nm in diameter [16],
we examined the enriched cation binding in SQ and its derivatives. Zinc ion binding (Table S2) was the top ion enriched in SQ and its
derivatives, but the number of hits varied (SQ = 94, Mono = 154, Di = 111, Tri = 126, Tetra = 161). While copper ion binding
(Table S2) was also enriched; however, the number of hits was considerably low (SQ = 3, Mono = 4, Di = 3, Tri = 6, Tetra = 5).

4. Discussion

This study confirmed that the insertion of EG moiety improved the biological activity of SQ in vitro, but also changed the structure
and function. The study showed that when the length of the EG moiety in the derivative was altered, the shape and size of the vesicles
were also changed. Therefore, the four derivatives have unique vesicle morphology or size, among which di- and tetra-SQ can form
spherical vesicles with the same diameter of 0.44 pm, which may explain why the two derivatives have the most similar functions,
especially in improving anti-inflammatory and glucose metabolism-related functions.

3T3-L1 cells exhibit fibroblast morphology and serve as preadipocytes, possessing the potential for directed differentiation. They
are often used as a model for in vitro adipocyte research [35] and have found extensive utility in studies related to obesity [36],
diabetes, and insulin resistance [37,38].

Microarray is a genomics research tool that can simultaneously detect the expression of thousands of genes [39] and has been
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widely used in recent years.

Early adipocytes are plastic and can proliferate through hyperplasia or hypertrophy [40]. Hypertrophy increases the weight of
adipose tissue and affects the release of adipokines [41], which may lead to proinflammatory features of obesity and increase the
incidence of metabolic diseases such as type 2 diabetes and insulin resistance [42]. Preadipocyte hyperplasia can increase the overall
volume of adipocytes while ameliorating the development of metabolic diseases [43]. To alleviate inflammation and metabolic dis-
eases caused by the adipogenesis process, various natural substances have been shown to regulate preadipocytes during differentiation
[15,44,45].

SQ and its derivatives are amphiphilic compounds synthesized by adding different amounts of mono EG to SQ [14], and do not
affect the survival rate of 3T3-L1 preadipocytes. At the same time, the treatment of sq and its derivatives significantly altered the
overall microarray expression pattern. Different derivatives have different effects on up- and downregulated genes and pathways. di-
and tetra-, SQ and tri-showed higher Expression pattern similarity. The effects of the four derivatives are obviously unique; for
example, tri-SQ is closely related to the transport pathway, while di- and tetra-SQ work in neurogenic pathways. The four derivatives
showed similar effects only in the regulation of ribosome and DNA, RNA processing.

Among the pathways and GO terms, mitochondrial function and MAPK pathway are also regulated by four derivatives in varying
degrees. Mitochondria play an important role in the maintenance of energy homeostasis in adipose tissue [46], and are related to
specific functions such as lipogenesis, glucose metabolism, and insulin sensitivity [47-49]. After 14 days of differentiation, mono-, di-
and tetra-SQ all enhanced mitochondrial activity and MAPK pathway significantly compared to the control group. And the inductive
treatment of four derivatives was involved in the regulation of transcription factors and genes related to mitochondrial activity,
adipogenesis and lipogenesis. In particular, tetra-SQ significantly upregulated the mitochondrial activity gene marker Ppargcl and
Tfam, the early adipogenesis markers Pparg and Cebpa, and inhibit the overexpression of Fasn and Srebf1 to reduce excessive lipid
accumulation.

Lipogenesis was inhibited after 14 days of treatment with SQ and its derivatives, which caused changes in the size of LDs within the
lipid cells. The effect of the derivatives on the size of LDs was significantly different, and di- and tetra-SQ had a significant effect on
reducing LDs size. LDs size may be associated with insulin sensitivity and adipocyte inflammation but not total intracellular lipid
content, just like in skeletal muscle [50,51].

Sirt3 has been proven to activate mitochondrial function and promote adaptive thermogenesis in brown adipose tissue [52] and
showed an upward trend after 14 days of induction by SQ and its derivatives, although there is no significance. Irs1 promotes adipocyte
differentiation by upregulating the expression of Cebpa and Pparg [53] and is downregulated by obesity [54]. Our results showed di-
and tetra-SQ can significantly upregulate the mRNA expression level of Irs1, which is consistent with disease prediction results; only di-
and tetra-SQ can improve diabetes mellitus and glucose metabolism disorders. Although other derivatives also have the function of
modulating metabolic diseases, di- and tetra-SQ undoubtedly have unique effects. This suggests that both SQ and its derivatives had
positive effects in improving metabolism, and derivatives showed better effects.

The adipogenesis process is involved in the regulation of cytokines, such as TNF and IL-1, in adipose tissue [55]. Lipid accumulation
causes the recruitment and activation of macrophages in adipose tissue, further aggravating the intracellular inflammatory response
and increasing the risk of insulin resistance and type 2 diabetes [56,57]. All SQ derivatives can downregulate the expression of cy-
tokines represented by Tnf in 3T3-L1 cells, especially tri- and tetra-SQ have significance. This shows that SQ derivatives have better
anti-inflammatory effects, which may be related to changes in intracellular lipid droplet phenotype [43], thereby altering the pro-
duction of proinflammatory factors and other mediator factors in adipocytes [58]. The gene expression levels of inflammatory cy-
tokines (n = 80) (Table S3) from microarray data were downregulated under the regulation of SQ derivatives and were related to
various inflammatory pathways. Compared with SQ, derivatives showed better effects in improving overall inflammatory status. This
result is consistent with the anti-inflammatory effect of SQ amphiphilic derivatives in adipocytes from human adipose-derived stem
cells [15], and murine macrophage-like cells [14].

EG derivatives of SQ dynamically self-organize into the vesicles in water according to the length of EG, and they can change the
shape of the vesicles according to the polar environment. Depending on their respective cellular environments, such as the lipid
differentiation process, EG derivatives may self-organize into a variety of different vesicles and express specific functions. The shape
and size of self-assembled vesicles are known to be closely related to their physiologically active performance [59]. Therefore, it is
necessary to clarify the self-assembled shape of EG derivatives in each cellular environment. Both di-and tetra-SQ can form a
0.44-um-diameter spherical vesicle. According to our previous studies, vesicles at 0.44-pm-diameter are most susceptible to alkaline
earth metal ions [16]. Under the influence of zinc and copper ions, the vesicles shrink and reduce in diameter to 0.1 pm, which may
affect how they enter the cell [59]. Although tri-SQ can also form spherical vesicles, the difference in cation binding activities may
explain the functional differences of tri-SQ observed in enrichment analyses.

The difference in cation binding activities also led to the difference in hub genes in the PPI network of SQ and its EG derivatives. The
hub genes appeared in the PPI network of SQ and its four derivatives were all related to immune response or metabolic process. The
reduction of nuclear factor erythroid 2-related factor 2 (Nfe2) expression has been proved to inhibit the expression of Pparg [60] and
Cebpa [61], associated with adipocyte differentiation, obesity, and insulin resistance [62] and promote the tendency to develop
autoimmune disorders [63]. According to our results, Nfe2 expression was downregulated only in SQ and mono-SQ with similar
interaction (number of degrees), but not in the other three EG derivatives; this may be related to the different self-organized vesicles of
mono-SQ. Foxp3 protects from lipotoxicity by driving oxidative phosphorylation [64] and is a specific marker of naive T regulatory
cells [65], which is closely related to self-tolerance and autoimmune responses [66]. Interestingly, Foxp3 was significantly down-
regulated in all four EG derivatives but was not affected by SQ. Meanwhile, the highest fold change and highest interaction of Foxp3
were observed in di- and tetra-SQ, which formed spherical vesicles of the same diameter in pure water. This substantiated that the
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addition of the EG moiety improves the immune function of derivatives, especially autoimmunity. Further, it seems that spherical
vesicles with larger diameters work better. These results may reveal the reason why EG derivatives improved anti-inflammatory
function. Nevertheless, the correlation between the structure of EG derivatives and their functionality within the cellular environ-
ment is yet to be fully elucidated. Furthermore, the impact of the biological activity of EG derivatives within an in vivo setting requires
additional exploration.

In summary, although the SQ derivatives improved the hydrophilicity of SQ, they showed apparent differences in the process of
lipid differentiation. Especially tri-SQ was similar to SQ in almost all functions in the genetic and environmental information process
(e.g., ribosome biogenesis, protein stabilization). This may be related to the difference in the 3D structure of tri-SQ and other de-
rivatives; tri-SQ has a smaller structure, so perhaps it has a different way of exogenous substances entering cells from other derivatives.
In addition, di- and tetra-SQ showed high concordance in lipid droplet size (e.g., Eif4a3 and Taf9 mRNA expression level) and lipid
metabolism (e.g., insulin signaling pathway and PPAR signaling pathway), especially regulation of glucose metabolism and insulin
secretion, which were distinctly different from other derivatives. Both di- and tetra-SQ self-organized into similar sizes and shapes of
vesicles, which subsequently improved their cation binding activities. This suggests that spherical vesicles with larger diameters can
better improve metabolic function and immune effect. Protein-protein interaction networks further revealed that cation binding ac-
tivity might explain a major part, if not all, of the differences observed in functional analyses.

5. Conclusion

The results of this experiment showed that both SQ and its derivatives can promote the adipogenesis of 3T3-L1 cells and ameliorate
inflammatory response (Fig. 9). Tri-SQ has a high similarity to SQ, specifically enhancing signal transduction and transmembrane
transport. Di- and tetra-SQ have the highest similarity, which is manifested in the self-organized vesicles’ sizes, shapes, and functions.
They inhibited the excessive accumulation of lipid during the process of adipogenesis and alleviated metabolic disorders and insulin
resistance caused by obesity and other metabolic-related diseases. The research could help to promote the development of natural
compound replacement therapy and provide adjunct therapy to improve obesity and diabetes-related conditions.
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