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Preface

Understanding fat depot-specific variations in gene expression profiles is essential for clarifying

pathological mechanisms that remain only partially understood. Moreover, dissecting these molecular

differences may reveal novel biomarkers and identify promising therapeutic targets to be explored in

future research.

Adipose tissue is no longer viewed merely as a passive reservoir of stored energy but rather as

a highly dynamic and plastic organ with profound endocrine and metabolic functions. Both white

adipose tissue (WAT) and brown adipose tissue (BAT) actively participate in systemic homeostasis,

responding to nutritional inputs, hormonal signals, aging, and environmental challenges through

finely tuned regulatory programs. Their capacity to adapt structurally and functionally relies on

coordinated transcriptional networks and post-transcriptional mechanisms that shape cellular identity,

metabolic flexibility, and intercellular communication.

This Special Issue was conceived with the aim of gathering novel insights into the regulation of

gene expression in WAT and BAT, particularly in the context of dysfunctions or alterations induced by

metabolic challenges such as obesity and diabetes, and by nutritional stimuli, aging, and environmental

cues. The contributions collected here explore the molecular pathways that underpin adipose

tissue remodeling and maladaptation, offering perspectives that span different biological models,

experimental approaches, and pathological conditions.

Together, these studies highlight the central role of gene regulatory mechanisms in determining

adipose tissue functionality and adaptability. By integrating diverse models and cross-disciplinary

expertise, this volume reflects the strong and continuing interest in adipose biology and exemplifies

the collaborative spirit required to advance the field. We hope that the insights presented here will

stimulate further investigation, foster innovative therapeutic strategies, and contribute to a deeper

understanding of adipose tissue physiology and its impact on health and disease.

Margherita Maffei and Gaia Scabia

Guest Editors
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Editorial

Special Issue “Adipose Tissue and Gene Expression”

Margherita Maffei * and Gaia Scabia *

CNR, Institute of Clinical Physiology, 56124 Pisa, Italy
* Correspondence: margherita.maffei@cnr.it (M.M.); gaia.scabia@cnr.it (G.S.)

Since the recognition of white adipose tissue (WAT) as an endocrine organ rather than
merely an energy reservoir, interest in this complex ensemble of cell types, characterized by
extraordinary and, in many respects, unique plasticity, has steadily increased [1]. Beyond
its initially recognized role in the regulation of long-term energy homeostasis, it has become
increasingly clear that WAT profoundly influences fertility, immune responses, glucose
metabolism, bone remodeling, and blood pressure regulation [2,3]. It is now reasonable to
conclude that virtually no physiological function is exempt from WAT control, a concept
closely linked to the central role of energy availability in individual survival. Concomitantly,
WAT itself is highly responsive to a wide range of stimuli, acting as a dynamic sensor
of environmental and systemic changes [4]. The strong response to this Special Issue
underscores the scientific relevance and broad interest surrounding this field. The original
aim has been fully achieved, bringing together studies that highlight both the multifaceted
nature of WAT and its remarkable plasticity—an adaptive feature fundamentally driven by
changes in gene-expression regulation.

Indeed, although at first glance the nine studies featured in this issue may appear
to have little in common, they share a clear mechanistic core centered on lipid metabolic
pathways and gene-expression programs that shape cellular growth and function. Together,
they span species ranging from closely related mammals to a phylogenetically distant inver-
tebrate (Bombyx mori); address diverse conditions, including COVID-19, mastitis, obesity,
prostate cancer, and diabetes; and dissect regulatory layers encompassing nutritional cues,
microRNA-mediated control, transcriptional networks, and RNA-splicing mechanisms.

Regarding gene expression, a fil rouge running through most of the studies, Pérez-
Gómez J.M. and colleagues (Contribution 1) focus on the importance of optimizing molec-
ular tools to enhance the reliability and precision of WAT gene-expression analyses. The
authors applied two widely used gene-expression methodologies in combination with
multiple analytical algorithms to validate a panel of previously reported internal reference
genes (IRGs) in two independent cohorts of periprostatic WAT, a specialized adipose depot
positioned at the pathophysiological interface between obesity and prostate cancer. They
identify LRP10, PGK1, and RPLP0 as the genes with the highest stability to be employed in
gene expression studies involving human periprostatic WAT.

A considerable number of the studies rely on omic approaches to unravel how
metabolic pathways and gene regulation shape tissue physiology across species. Pok-
lukar K. and collaborators (Contribution 2) show that a protein-restricted diet in pigs affects
WAT composition and transcriptomic responses in ways that depend on rearing conditions.
Their results highlight how nutrition and environment converge on lipid synthesis, stress
responses, and immune pathways, further emphasizing the plasticity of adipose biology.

A similar metabolic sensitivity emerges in dairy cows. Zhou B. and co-authors (Contri-
bution 3) investigated the relationship between fatty acid metabolism and clinical mastitis
(CM) through the identification and characterization of differentially expressed proteins

Int. J. Mol. Sci. 2026, 27, 1479 https://doi.org/10.3390/ijms27031479
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in healthy and CM-affected animals. They found that the enzyme ACOT7 is positively
correlated with CM onset and progression, linking long-chain fatty acid elongation and
unsaturated lipid biosynthesis to inflammatory pathology.

Alazaabi M. and co-authors (Contribution 4) provide a developmental view of
adipocyte formation. Using mouse embryonic stem cells, they mapped the transcrip-
tional choreography underlying adipogenesis and, through a Robust Rank Aggregation
approach, identified Atf5, Ccnd1, and Nr4a1 as potential fine regulators of this process.

Two contributions illustrate the importance of microRNAs as fine-tuners of adipose cell
biology. In obese rabbits, Shao J. and co-authors (Contribution 5) show that miR-let-7a-5p
dampens PI3K–AKT–mTOR signaling, acting as a modulator of lipid accumulation. Using
primary rabbit white adipocytes, Sun W. and collaborators (Contribution 6) demonstrate
that miR-889-3p facilitates the differentiation toward a brown-adipocyte phenotype and
promotes the expression of thermogenic markers, likely through the inhibition of the
DNA-binding protein SON.

Using genetic manipulation and molecular assays, Qin X. and co-authors (Contribution
7) shift the attention to invertebrates and demonstrated that the domestication of Bombyx
mori, and the improvement of its economic traits for the silk market, are associated with
the loss of a transposable element upstream of Mlx. Silencing Mlx decreases the expression
of glucose-metabolism and lipogenic genes, whereas its overexpression in the silkworm fat
body increases larval body size, cocoon-shell weight, and reproductive output.

Gene expression dynamics in adipose tissue could have a broad clinical implication in
diverse pathologies. Salazar M. and co-authors (Contribution 8) demonstrate how obesity,
aging, and metabolic history influence viral susceptibility at the tissue level. By profiling the
differential expression of SARS-CoV-2 cell infection mediators (ACE2, TMPRSS2, ADAM17,
and NRP1) in different adipose depots from middle-aged and older women with distinct
metabolic backgrounds, they show that visceral adipose tissue may act both as a sentinel
and a source of vulnerability in the context of COVID-19 pathogenesis, in a manner
dependent on other risk factors such as obesity and aging. This is relevant as obesity
and aging lead to a significantly elevated risk of developing severe and fatal forms of the
disease [5,6]. Lui A. and co-authors (Contribution 9) uncover how alternative splicing
affects adipocyte dysfunction in type 2 diabetes. Working with human-visceral-adipose-
derived stem cells, the authors reveal that in the context of diabetes, WAT expresses a
truncated, alternatively spliced form of sortilin that interferes with GLUT4 trafficking
and impairs glucose uptake. They further show that GLP-1 can suppress this aberrant
isoform by modulating TRA2B-dependent splicing, a regulatory mechanism that opens a
therapeutic window for rescuing metabolic function in insulin-resistant adipose tissue.

Taken together, these studies form a coherent narrative: despite differences in species,
techniques, and biological questions, they converge on the same underlying principle,
i.e., the metabolic and regulatory versatility of adipose tissue. Whether shaping viral
entry, responding to diet and environment, driving inflammation, enabling developmental
transitions, directing domestication, or fine-tuning lipid storage and thermogenesis, adipose
tissue consistently emerges as a central node of biological regulation.

We sincerely thank all the authors, reviewers, and editors whose collective efforts have
shaped this Special Issue. By collating diverse models and cross-species perspectives, their
contributions demonstrate the strong and continuing interest in this topic and exemplify
the collaborative and integrative spirit needed to advance our understanding of adipose
biology in health and disease.

https://doi.org/10.3390/ijms27031479
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LRP10, PGK1 and RPLP0: Best Reference Genes in Periprostatic
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Abstract: Obesity (OB) is a metabolic disorder characterized by adipose tissue dysfunction that
has emerged as a health problem of epidemic proportions in recent decades. OB is associated with
multiple comorbidities, including some types of cancers. Specifically, prostate cancer (PCa) has
been postulated as one of the tumors that could have a causal relationship with OB. Particularly,
a specialized adipose tissue (AT) depot known as periprostatic adipose tissue (PPAT) has gained
increasing attention over the last few years as it could be a key player in the pathophysiological
interaction between PCa and OB. However, to date, no studies have defined the most appropriate
internal reference genes (IRGs) to be used in gene expression studies in this AT depot. In this work,
two independent cohorts of PPAT samples (n = 20/n = 48) were used to assess the validity of a battery
of 15 literature-selected IRGs using two widely used techniques (reverse transcription quantitative
PCR [RT-qPCR] and microfluidic-based qPCR array). For this purpose, ΔCt method, GeNorm (v3.5),
BestKeeper (v1.0), NormFinder (v.20.0), and RefFinder software were employed to assess the overall
trends of our analyses. LRP10, PGK1, and RPLP0 were identified as the best IRGs to be used for gene
expression studies in human PPATs, specifically when considering PCa and OB conditions.

Keywords: periprostatic adipose tissue (PPAT); gene expression analysis; reference genes; RT-qPCR;
prostate cancer (PCa); weight-related disorders

1. Introduction

Adipose tissue (AT) is a complex and dynamic organ mainly composed of adipocytes
and the stromal vascular fraction, including fibroblast, endothelial cells, preadipocytes,
adipocyte-derived stem cells, and a variable infiltrated immune cell population. AT has
been classified into white adipose tissue (WAT) and brown adipose tissue (BAT) [1].
While BAT is related to non-shivering thermogenesis through the regulation of lipidic
β-oxidation, WAT has been typically conceived as an organ specialized in energy storage.
However, rather than acting as a simple lipidic depot, WAT has been recognized as an
important contributor to endocrine homeostasis [2]. Through the secretion of the termed
adipokines (i.e., any signaling molecule secreted by AT), fat depots are capable of control-
ling metabolism, inflammation, immune function, and energy homeostasis [3]. For those
reasons, studies focused on AT have quickly gained interest, pinpointing it as an active

Int. J. Mol. Sci. 2023, 24, 15140. https://doi.org/10.3390/ijms242015140 https://www.mdpi.com/journal/ijms4
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contributor to the onset and progression of several types of endocrine/metabolic disorders
such as obesity (OB).

OB is defined as a pathological metabolic condition characterized by an abnormal and
excessive lipid accumulation and whose prevalence has drastically increased during the
last decades, reaching pandemic proportions. OB is characterized by AT dysfunction and a
systemic chronic low-grade inflammatory state which increases the risk for several associ-
ated disorders, including insulin resistance, type 2 diabetes, atherosclerosis, cardiovascular
diseases, hypertension, and importantly, several endocrine-related cancer types [4]. In
fact, according to the International Agency for Research on Cancer (IARC), up to 13 cancer
types have been related to overweight/OB conditions, including breast, uterus, colon,
kidney, gallbladder, pancreas, rectum, and prostate cancer (PCa), the most studied [5,6].
Regarding PCa, in addition to the mentioned increased risk, OB (along with clinical alter-
ations typically associated with metabolic syndrome such as insulin resistance, elevated
blood pressure, and high triglyceride plasma levels) has been linked to a more aggressive
disease [7–9]. Despite that, the molecular bases linking OB and PCa have not been fully
elucidated to date but the number of studies focusing on this pathological association has
increased considerably over the last few years.

In this scenario, a specific depot of WAT that surrounds two-thirds of the prostate,
typically known as periprostatic adipose tissue (PPAT), has been postulated as a putative
active player in the interaction between OB and PCa, not only being a source of bioactive
molecules, such as lipids, adipokines, and growth factors (that contribute to microenvi-
ronment modulation) but also acting as the first tissue susceptible to be invaded by tumor
cells in the early stages of metastasis [10,11]. However, information about the molecular
bases underlying that interaction is scarce. In this regard, to explore such a relationship, it
is crucial to perform gene expression analyses in PPAT samples derived from patients with
different metabolic conditions (e.g., normo-weight [NW] and OB).

Specifically, reverse transcription quantitative PCR (RT-qPCR) is the gold standard
technique for quantifying mRNA expression due to its high accuracy and sensitivity even
using small amounts of samples. However, the identification and validation of reliable
internal reference genes (IRGs) for normalization of RT-qPCR data are critically needed to
correct bias from multiple variables (such as RNA extraction yielding, retrotranscription
performance, or primers efficiency, among others) before conclusions can be drawn. In
fact, the choice of appropriate IRGs must be confirmed in a tissue-dependent manner and
under the specific experimental conditions used in the study. Noteworthily, several studies
using multiple rodent models have proven that the choice of IRGs in different AT subtypes
depends on the metabolic status [12–14]. Regarding humans, although various studies
evaluating the use of IRGs in different AT depots have been published [15,16], to the best
of our knowledge, there are no reports regarding the identification, evaluation, selection,
and validation of suitable IRGs for studying PPAT in expression analyses. Therefore, the
objective of this work was to identify and validate, for the first time, reliable IRGs for the
normalization of gene expression analyses in PPAT samples under health and disease (PCa
and OB) conditions.

2. Results

2.1. Evaluation of Gene Expression Stability in Periprostatic Adipose Tissue (PPAT) of Patients
with Benign Prostate Hyperplasia (BPH) and Prostate Cancer (PCa)

The evaluation of the potential stability in the expression levels of the 15 selected
internal reference genes (IRGs) in two independent cohorts of periprostatic adipose tissue
(PPAT) samples [i.e., analysis of all samples together from cohort 1 and all samples from
cohort 2; Table 1] revealed that the top five IRGs with higher stability (based on changes
in the Standard Deviation [SD]) using the RT-qPCR method were LRP10 (27.99 ± 1.47),
B2M (23.11 ± 1.50), RPLP0 (25.97 ± 1.71), PGK1 (26.64 ± 1.76), and KDM2B (31.66 ± 1.78)
(Figure 1a; expression levels expressed as SD of Cycle threshold [Ct] values). Statistics
details for all IRGs are summarized in Table S1. Similarly, the top five IRGs with the higher
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stability using the microfluidic-based qPCR array method were RPS13 (19.21 ± 1.91), PGK1
(20.19 ± 1.99), RPLP0 (18.42 ± 2.01), IPO8 (25.01 ± 2.02), and LRP10 (19.84 ± 2.17) [Figure 1b
(expression levels expressed as SD of Ct values) and Table S1)]. It should be mentioned that
the use of the SD of the Ct value in these types of analyses/representations is widely used as
a first approach since this offers a more visual and direct comparison of the genes by placing
them over a narrow dynamic range of values [13,14,17]. In this regard, a representation of
the linearized values of the Ct of each of the 15 IRGs (expressed in absolute mRNA copy
number) for both techniques used (RT-qPCR and microfluidic-based qPCR array) are also
represented in Figure S1, showing similar results. For this latter purpose, standard curves
for each selected gene were run in parallel to quantify the absolute mRNA copy number
across all the samples analyzed.

Table 1. Periprostatic adipose tissue (PPAT) human cohorts and methodologies employed. BMI—Body
Mass Index; BPH—Benign Prostate Hyperplasia; PCa—Prostate Cancer; PSA—Prostate-Specific
Antigen; SD—Standard Deviation. Data represent the mean ± SD of each group.

Methodology BMI Parameter BPH Group PCa Group

RT-qPCR
Cohort 1
(n = 20)

Normo-weight

n 5 5
BMI (kg/cm2) 23.76 ± 1.71 23.47 ± 1.39
PSA (ng/mL) 4.28 ± 5.67 6.73 ± 4.28
Gleason score - 7 ± 0

Age 69.9 ± 5.59 60.8 ± 4.96
PI-RADS 2.67 ± 1.15 4.25 ± 0.50

Obesity

n 5 5
BMI (kg/cm2) 31.05 ± 2.09 33.63 ± 1.25
PSA (ng/mL) 9.60 ± 17.04 14.29 ± 8.14
Gleason score - 7 ± 0

Age 69.4 ± 7.66 62.2 ± 3.42
PI-RADS 2 ± 0 4.20 ± 1.30

Microfluidic-
based qPCR array

Cohort 2
(n = 48)

Normo-weight

n 6 14
BMI (kg/cm2) 24.161 ± 3.20 23.80 ± 1.12
PSA (ng/mL) 3.99 ± 5.12 8.43 ± 7.35
Gleason score - 7 ± 0

Age 69.33 ± 5.04 59.45 ± 5.15
PI-RADS 2.33 ± 0.81 4.51 ± 0.53

Obesity

n 14 14
BMI (kg/cm2) 31.26 ± 2.07 31.13 ± 1.01
PSA (ng/mL) 6.99 ± 10.31 7 ± 4.95
Gleason score - 6.85 ± 0.37

Age 69.22 ± 6.62 58.85 ± 5.33
PI-RADS 2 ± 0 4.27 ± 0.90

On the other hand, the less stable IRGs in terms of variability were HMBS (29.02 ± 3.17),
PPIG (30.17 ± 2.61), G6PD (23.89 ± 2.32), YWHAZ (26.73 ± 2.21), and GUSB (29.54 ± 2.16) us-
ing the RT-qPCR method and HMBS (23.73 ± 3.46), PPIG (24.78 ± 3.03), GUSB (22.92 ± 3.01),
HSP90AB1 (20.02 ± 2.91), and ACTB (19.71 ± 2.80) using the microfluidic-based qPCR
array method (Table S1).

These results suggest that more stable (less variable) IRG genes using both techniques
are LRP10, PGK1, and RPLP0 while the worst IRGs (with higher variability) were HMBS,
PPIG, and GUSB.

2.2. Influence of BMI (Body Mass Index) and PCa Presence on the Expression of IRGs in PPATs

To evaluate the effect of BMI and PCa presence on the stability of the IRG expression
levels previously analyzed in PPATs, we stratified the data derived from the two available
cohorts of samples under these conditions (Figure 2). Firstly, when BMI was considered
(patients with NW vs. OB) we noted that the IRGs previously observed to be more stable
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(less variable) by both techniques did not exhibit statistically significant differences in their
expression levels (i.e., LRP10, PGK1, and RPLP0; Figure 2a), further suggesting that these
IRGs are also appropriated candidates to be used in these analyses. In contrast, statistical
differences were consistently found in the expression levels of ACTB, B2M, GAPDH, GUSB,
HMBS, and PPIG when the samples were classified according to their BMI using both
methodologies (RT-qPCR and microfluidic-based qPCR array; Figure 2a), suggesting that
these IRGs are not good candidates to be used in these expression analyses.

Figure 1. mRNA levels of 15 evaluated internal reference genes (IRGs) in human PPATs. Data
(mean ± SD of Cycle threshold (Ct) levels) obtained by the reverse transcription quantitative PCR
(RT-qPCR technique) (a) or by the microfluidic-based qPCR array technique (b). Genes are ordered
ascendingly according to the standard deviation.

Secondly, (Figure 2b), when the presence of PCa was considered (patients with BPH
vs. PCa), we again observed that the IRGs previously reported to be more stable (less
variable) in the different analyses showed until this point (i.e., LRP10, PGK1, and RPLP0;
data showed in Figures 1 and 2a) did not exhibit differences in their expression levels
(Figure 2a). In contrast, statistical differences were consistently found in the expression
levels of GUSB, HMBS, IPO8, KDM2B, and PPIG (using both RT-qPCR and microfluidic-
based qPCR array, methodologies) as well as ACTB, HSP90AB1, RPS13, and YWHAZ (using
one of the methodologies) when classifying patients in BPH vs. PCa (Figure 2b), suggesting
that all these IRGs are not good candidates to be used in these expression analyses.

In order to further explore the influence of the different conditions previously studied
[i.e., according to BMI status (NW vs. OB) or presence of PCA (BPH vs. PCa)], different
methods specialized in the evaluation of the suitability of IRGs were used [ΔCt, NormFinder,
GeNorm, and BestKeeper algorithms]. The results are summarized in Figure S2 which shows
how the evaluated IRGs are ranked across the two techniques employed by the different
software. It should be noted that differences were observed in these rankings depending
on the tool used, which was due to the specific algorithms and parameters evaluated
in each case. Moreover, it is important to clarify that, in all cases, the three algorithms
displayed slightly worse parameters for the data obtained by the microfluidic-based qPCR
array compared to the RT-qPCR. This may be due to the fact that, regarding protocol
differences, this methodology uses a much smaller amount of starting genetic material;
so, a previous pre-amplification step is necessary, which may introduce some kind of bias.
Likewise, the pre-amplification step may also explain why the Ct values obtained on the
microfluidic-based qPCR array are substantially lower compared to those of RT-qPCR.
Nonetheless, in order to solve the discrepancies mentioned, we next used the web tool
RefFinder to calculate the geometric mean of ranking values from the weighted values of
each algorithm score for each of the IRGs evaluated. Specifically, a comprehensive ranking
was generated (Figure 3a) which confirmed previous findings indicating that LRP10, PGK1,
and RPLP0 are in the top ranking of the most stable IRGs, which reinforces the idea that
these three IRGs are the most appropriate to be used in expression analysis of PPATs, at
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least when considering the presence PCa and OB. Additionally, a bootstrap step strategy
without replacement and size 100,000 was performed using the weighted scores previously
calculated, confirming that LRP10 is the best reference gene, followed by PGK1 and RPLP0
(Figure 3b).

Figure 2. mRNA levels of the 15 evaluated IRGs in human PPAT samples from the two available
cohorts of samples stratified by BMI or by the presence of PCa. Data obtained by the RT-qPCR
technique (a) or by the microfluidic-based qPCR array technique (b). Asterisks (* p < 0.05; ** p < 0.01,
and *** p < 0.001) indicate statistically significant differences between groups. Normo-weight—NW;
Obesity—OB.
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Figure 3. Ranking of the most stable IRGs in human periprostatic adipose tissues (PPAT) derived
from the two cohorts of patients BPH and PCa with NW or OB. (a) Weighted gene ranking suitability
of IRGs evaluated across the ΔCt method, GeNorm (v3.5), BestKeeper (v1.0), and NormFinder (v.20.0)
software. (b) Empirical distribution of ranks shown in percentage (%) for the 15 evaluated IRGs
in bootstrap.

Importantly, it should be also indicated that a more detailed view of the value dis-
tribution of the top three best-ranked IRGs (LRP10, PGK1, and RPLP0) throughout all
experimental subgroups of PPATs indicated no statistically significant changes across the
different groups (Figure 4). Specific software parameters for all evaluated genes are also
listed in Table S1.

Figure 4. Ct value distribution of the top 3 best-ranked internal reference genes (IRGs) according
to Body Mass Index (BMI) or by the presence of prostate cancer (PCa). Expression levels (Cts)
were obtained by the RT-qPCR technique (a) or by the microfluidic-based qPCR array technique (b).
Normo-weight—NW; Obesity—OB; Benign Prostate Hyperplasia (BPH).

9



Int. J. Mol. Sci. 2023, 24, 15140

2.3. Validation of RPLP0, PGK1, and LRP10 as Reference Genes

Finally, in order to empirically confirm that the selected IRGs were suitable to be used
in expression analyses of PPATs obtained under different experimental conditions (i.e., pa-
tients with different BMIs or with and without PCa), we measured the expression levels of
six metabolic- and tumor-related genes well-known to be dysregulated in the AT of humans
under cancer-related conditions (i.e., SPP1, IL6R, CD68, AGT, FNDC5, and RETN [18–23];
primers sequences are listed in Table S2). Specifically, gene expression levels of SPP1,
IL6R, CD68, AGT, FNDC5, and RETN were determined using a microfluidic qPCR-based
approach and are represented before and after the adjustment by a normalization factor
generated by the GeNorm software based on the expression levels of the three selected
IRGs (LRP10, PGK1, and RPLP0) (Figure 5). As expected, the expression levels of SPP1,
IL6R, CD68, and AGT were found to be up-regulated while FNDC5 and RETN levels were
down-regulated in PPAT samples from patients with PCa vs. BPH after data normalization.
Importantly, these comparisons (non-normalized vs. normalized data) clearly indicated the
necessity of using suitable IRGs for the normalization of gene expression levels.

Figure 5. Changes in the expression levels of (a) SPP1, (b) IL6R, (c) CD68, (d) AGT, (e) FNDC5,
and (f) RETN in human PPAT from patients with PCa compared with patients with BPH before
normalization (raw data) and after normalization (norm) with selected IRGs (LRP10, PGK1, and
RPLP0) are shown. Normalization of genes was performed using a normalization factor obtained with
the GeNorm software (v3.5) based on the expression levels of LRP10, PGK1, and RPLP0. Asterisks
(* p < 0.05, and ** p < 0.01) indicate statistically significant differences between groups.

Additionally, to further validate the selection of LRP10, PGK1, and RPLP0 as suitable
IRGs, we empirically determined the expression levels of two genes (ANGPT1 and LEP) that
were previously described to be dysregulated in PPATs of patients with PCa and OB [24].
Specifically, Ribeiro and colleagues indicated that LEP and ANGPT1 were overexpressed in
PPATs of patients with BPH under overweight/obese vs. normo-weight conditions, which
was confirmed in our analyses using RT-qPCR methodology and normalizing the data
with a normalization factor based on the expression levels of LRP10, PGK1, and RPLP0.
Likewise, Ribeiro and colleagues demonstrated that the expression of two metalloproteases
(MMP2 and MMP9) was increased in conditioned media derived from PPAT explants of
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overweight PCa patients as compared with normo-weight patients with BPH [25] which
was also confirmed in our study after normalization of the data by IRGs (Figure 6c,d).
Importantly, these changes observed in the expression levels of ANGPT1, LEP, MMP2, and
MMP9 after normalization were not observed when the data were not normalized (raw
data) (Figure 6a–d), which again clearly indicates the necessity of using suitable IRGs for
normalization of gene expression levels in PPATs under different experimental conditions
(i.e., presence or absence of Ob and PCa).

Figure 6. Empirical confirmation demonstrates that the selected IRGs (LRP10, PGK1, and RPLP0)
were suitable to be used in expression analyses in human PPAT obtained under different experimental
conditions. Expression levels of (a) LEP, (b) ANGPT1, (c) MMP2, and (d) MMP9 before normalization
(raw data) and after normalization with selected IRGs (LRP10, PGK1, and RPLP0) are shown. Nor-
malization of genes was performed using a normalization factor obtained with the GeNorm software
(v3.5) based on the expression levels of LRP10, PGK1, and RPLP0. Asterisks (* p < 0.05; ** p < 0.01,
and *** p < 0.001) indicate statistically significant differences between groups.

3. Discussion

Gene expression analysis is one of the most used strategies in molecular biology
research. However, selecting inappropriate IRGs for the normalization of the data can
result in misleading or biased findings. Classically, GAPDH or ACTB were two of the most
commonly used IRGs, but it is well known that these genes can exhibit significant variation
in specific cells, tissues, and experimental conditions (such as the metabolic status and/or
tumor presence) [15,26], highlighting the need for rigorous selection of IRGs for accurate
gene expression analyses and reliable results.

In this study, we evaluated the suitability of 15 previously documented IRGs in
order to determine the most appropriate IRGs for standardizing the mRNA data obtained
from PPATs derived from two independent cohorts of samples, using two widely used
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methodologies (RT-qPCR and microfluidic-based qPCR array) and different algorithms
(ΔCt method, GeNorm, BestKeeper, and NormFinder) and also considering the presence
or absence of OB and PCa. We believe that this study is relevant because although the
relationship between OB and cancer is well known in some specific cancer types, it is still
ambiguous in the case of PCa [27] and also because the PPAT has been gaining important
attention in recent years as a metabolic- and tumor-driver tissue associated with the prostate
gland [28]. However, to the best of our knowledge, no works have evaluated the suitability
of different IRGs in PPATs. Moreover, this is also the first study addressing this validation
in PPATs from patients with and without PCa and/or OB.

Firstly, we found that certain IRGs (including HMBS, PPIG, GUSB, and G6PD) pre-
sented a high variability in their expression levels of PPATs. Indeed, the genes with the
greatest variability corresponded to those that presented higher differences in expression
levels when the cohorts were distributed according to their BMI and the presence/absence
of PCa. Among them, some genes were highly dependent on BMI, such as ACTB, B2M,
and GAPDH; some were highly dependent on the PCa existence, such as GUSB, IPO8, and
KDM2B; and others varied in both conditions (e.g., HMBS and PPIG) and were, therefore,
considered as the worst IRGs in PPATs under these different experimental conditions.

To evaluate the best IRGs among all the possible candidates, we used four methods
based on different statistical parameters: the ΔCt method, GeNorm, BestKeeper, and
NormFinder. These analyses revealed some inconsistencies in the results obtained by
each software which might be due to different considerations when calculating the scores.
For example, the ΔCt method is exclusively based on the average of the SD through the
relative comparison of the expression of candidate genes by pairs, GeNorm is based on
the arithmetic mean of the pair-wise variation, NormFinder relies on an intra- and inter-
group variation of inputted genes, and BestKeeper considers the standard deviation and
coefficient variance to calculate the stability factor. Thus, we used a fourth software, called
RefFinder, that takes into consideration the weighted contribution score from the previously
mentioned software to calculate a geometric mean ranking of values. As a result, we found
that the highest stability for RT-qPCR determinations corresponded to the genes LRP10,
RPS13, PGK1, KDM2B, and RPLP0 while PGK1, LRP10, RPLP0, B2M, and GAPDH were the
most appropriate for microfluidic-based qPCR arrays; with LRP10, PGK1, and RPLP0 being
common to both analyses. In fact, we performed a bootstrapping analysis based on the
weighted contribution of each software for each gene to their global score which revealed
and confirmed that the best genes to be used as IRGs for gene expression studies are LRP10,
PGK1, and RPLP0.

Specifically, LRP10 encodes a low-density lipoprotein receptor family protein but its
role in humans is poorly explored. Most available studies associate LRP10 with neurode-
generative disorders, especially Parkinson’s disease [29]. In agreement with Gabrielsson
and colleagues who analyzed a battery of potential IRGs in human AT biopsies in the
context of a wide range of commonly studied physiological parameters (including BMI),
LRP10 was found to be the IRG with the highest stability [30]. In the case of PGK1, it
encodes for a glycolytic enzyme that catalyzes the conversion of 1,3-diphosphoglycerate
to 3-phosphoglycerate and exerts an important role in the control of glucose metabolism.
Moreover, this enzyme has been widely explored in various fields, including cancer [31–33],
although it has also been considered a potential IRG in different human tissues under
several experimental conditions and even in distinct animal models [34,35]. In this sense,
and regarding the adipose tissue depots, Neville and co-workers demonstrated that PGK1
was the most stable gene among a set of several cohorts of human AT samples and cells,
although PPAT was not considered in that work [36]. Lastly, RPLP0 encodes a ribosomal
protein that is a component of the 60S subunit of the ribosomes and has been already
proposed to be a suitable IRG across a wide variety of tissues and experimental conditions.
Consistent with our results, Zhang et al. evaluated the potential of some genes in three
different ATs (epididymal white, inguinal beige, and brown adipose tissue) under different
metabolic conditions by using the same software as that used in the present study. Specif-
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ically, they showed that the RPLP0 gene had the lowest variability across all situations
evaluated suggesting that could actually be used as a universal IRG in AT [14].

In summary, this study confirms the importance of selecting suitable IRGs for nor-
malization to obtain reliable results using different gene expression techniques. It also
provides fundamental information regarding a list of potential IRGs that can be used for
the analysis of gene expression patterns in PPATs under different experimental conditions.
Specifically, this study demonstrates, for the first time, that the expression stability of many
IRGs widely used by research laboratories is not valid for the normalization of expression
data since their expression significantly varies in PPATs among different experimental
settings. Importantly, we solidly demonstrated that LRP10 has the lowest variability, the
highest stability, and more consistency across two widely used techniques (RT-qPCR and
microfluidic-based qPCR array); throughout all the analytical software employed, we
showed highly stable expression levels in PPAT samples that are independent of the BMI
and the presence PCa. In addition, in accordance with the minimum information for publi-
cation of quantitative (MIQE) guidelines which recommend the use of multiple reference
genes for normalization [37], we provide compelling evidence demonstrating the use of
LRP10, PGK1, and RPLP0 as the best IRGs for gene expression analyses in human PPATs
under different experimental conditions, especially when considering the metabolic status
(OB) and the presence of PCa.

4. Materials and Methods

4.1. Subjects and Samples

This study was approved by the Reina Sofia University Hospital Ethics Committee and
conducted following the principles of the Declaration of Helsinki. Cordoba Biobank Node
(through Andalusian Biobank) coordinated the collection, processing, and management
of the PPAT samples used. Microdisected samples were immediately frozen in liquid
nitrogen and then stored at −80 ◦C following the standard protocols established for this
purpose. Written informed consent was obtained from all participants. PPAT samples were
obtained from patients who were diagnosed with PCa and immediately treated by radical
prostatectomy. All patients were diagnosed with clinically localized and hormone-naive
PCa, representing a homogenous cohort of patients (Table 1).

Two different cohorts were used in this study. The first one (Cohort 1, n = 20) was used
as a discovery cohort for qPCR determinations. A second larger and independent cohort
(Cohort 2, n = 48) was used to implement the microfluidic-based qPCR array. Available
clinical history details from all patients included in these cohorts are summarized in Table 1,
including BMI, Prostate-Specific Antigen (PSA), Gleason score, age, and PI-RADS (prostate
imaging reporting and data system). Briefly, four different experimental conditions were
analyzed: patients with BPH or PCa and both NW and OB conditions. PI-RADS defines
the standards of high-quality for multi-parametric magnetic resonance imaging (mpMRI),
including image creation and reporting [38]. Briefly, this system is stratified into five
categories which are PIRADS 1, very low (clinically significant cancer is highly unlikely to
be present); PIRADS 2, low (clinically significant cancer is unlikely to be present); PIRADS
3, intermediate (the presence of clinically significant cancer is equivocal); PIRADS 4, high
(clinically significant cancer is likely to be present); and PIRADS 5, very high (clinically
significant cancer is highly likely to be present).

4.2. Total RNA Isolation and cDNA Synthesis

Total RNA was isolated with TRIzol Reagent (ThermoFisher Scientific, Bedford, MA,
USA) from 100 mg of PPAT following supplier instructions. After tissue disruption, an
additional step consisting of two consecutively centrifugations (5 min at 12,200× g-force)
and supernatant discarding was performed to remove cellular debris and fat excess. A
DNAse treatment (RNase-Free DNase Kit—Qiagen, Madrid, Spain) was applied previously
to RNA concentration and purity determination on a Nanodrop One Microvolume UV–Vis
Spectrophotometer (ThermoFisher Scientific, Bedford, MA, USA). A total amount of 1 μg
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per sample was then retrotranscribed using random hexamer primers and the RevertAid
RT reverse transcription kit (ThermoFisher Scientific, Bedford, MA, USA). Retrotranscribed
cDNA was then stored at −20 ◦C until use.

4.3. Potential Reference Gene Selection and Primer Design

For the final selection of the genes included in this study, a combinatorial integration
of different bibliographic approaches was carried out. First, an intensive literature search
was performed in PubMed, SciELO, and Medline databases using the terms “reference
gene” and “housekeeping gene”. Second, we also screened by the terms “adipose tissue”,
“cancer”, and “diet” and evaluated two types of articles: (i) those articles whose main
objective was to specifically assess the validity of reference genes in human adipose tissues
under different cancer and/or diet conditions and (ii) general articles wherein different
reference genes were commonly and routinely used in adipose tissues. Finally, and due
to the clear limitation in finding information/references regarding human PPATs, we
also checked the available information/references of related adipose tissues from rodent
models (mouse and rat), including inguinal or perigonadal adipose tissues. Based on
all these bibliographic searches, as well as preliminary results from our group using
PPATs (unpublished), a list of 15 candidate genes was selected to be studied as potential
IRGs in PPATs. The IRGs consulted in this bibliographic approach are included in Table
S3 while the 15 candidate IRGs selected, primer sequences, amplicon size, and gene
functions are listed in Table 2. Primers that specifically target these genes were designed
with the Primer3 software v.0.4.0 while the validation for the suitability for RT-qPCR
and microfluidic-based qPCR array technology was assessed by checking the specificity
(agarose gel band size, sanger sequencing, and melting curves) as previously reported by
our laboratory [39,40]. Specific custom oligonucleotide sequences were purchased from
Metabion (Munich, Germany).

Table 2. Gene symbol, primers sequences, Amplicon Size (A.S.), official name, and function of
evaluated genes.

Gene Sequence A.S (bp) Official Name Function

ACTB
ACTCTTCCAGCCTTCCTTCCT

176 Actin Beta
Highly conserved proteins involved in

cell motility, structure, and integrityCAGTGATCTCCTTCTGCATCCT

B2M
GCTCGCGCTACTCTCTCTTT

88 Beta-2-Microglobulin MHC class I associated protein that is
found on nearly all cellular surfacesTCCATTCTCTGCTGGATGAC

G6PD
GCAAACAGAGTGAGCCCTTC

89
Glucose-6-Phosphate

Dehydrogenase
Cytosolic enzyme whose main function

is to produce NADPH using glucoseGCCAGCCACATAGGAGTTG

GAPDH
GCCTCAAGATCATCAGCAATG

90
Glyceraldehyde-3-Phosphate

Dehydrogenase
Enzyme related to carbohydrate

metabolism and DNA glycosylationCTTCCACGATACCAAAGTTGT

GUSB
TGACCGCTATGGGATTGT

120 Glucuronidase Beta
Enzyme able to hydrolyze

glycosaminoglycansCTACGCACCACTTCTTCCA

HMBS
TTGCTATGTCCACCACAGG

117 Hydroxymethylbilane Synthase Enzyme involved in the condensation of
porphobilinogenCCAGGTCCACTTCATTCTTCT

HSP90AB1
ATGGAAGAGAGCAAGGCAAAG

114 Heat Shock Protein 90α Family
Class B Member 1

Constitutive form of the cytosolic 90 kDa
heat-shock proteinGCAGCAAGGTGAAGACACAA

IPO8
CCAAGGGGTGGTTCATTCT

120 Importin 8 GTPase involved in the nuclear import
of proteinsTCTTGCCACAGCTCTTCATC

KDM2B
TGGAGGGCAAAGATTTCAAC

86 Lysine Demethylase 2B Component of SCFs complex involved
in ubiquitinationTCCCAGTCCATCCTTTTCTC
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Table 2. Cont.

Gene Sequence A.S (bp) Official Name Function

LRP10
GGCAACGTCACCATCACTT

82 LDL Receptor Related Protein 10 Encodes for a low-density lipoprotein
receptor family proteinAATCTTGGCTGTAGGAGAGCA

PGK1
GGTGGAATGGCTTTTACCTT

83 Phosphoglycerate Kinase 1 Glycolytic enzyme that catalyzes the
conversion of 1,3-diphosphoglycerateATCTTGGCTCCCTCTTCATC

PPIG
TTGCGGAGGTACGGATACT

104 Peptidylprolyl Isomerase G Protein involved in protein
peptidyl-prolyl isomerizationTGAGGAGGAGGAAGATGATG

RPLP0
AACTCTGCATTCTCGCTTCC

119 Ribosomal Protein Lateral Stalk
Subunit P0

Ribosomal protein that is a component of
the 60S subunitGGACTCGTTTGTACCCGTTG

RPS13
CCCACTTGGTTGAAGTTGAC

86 Ribosomal Protein S13 Ribosomal protein that is a component of
the 40S subunitCCGATCTGTGAAGGAGTAAGG

YWHAZ

TACCGTTACTTGGCTGAGGTT

118
Y3-Monooxygenase/

W5-M.oxygenase Act. Prot. Z

Signal transduction mediation by
binding to phosphoserine-containing

proteinsGATGTGTTGGTTGCATTTCC

4.4. RT-qPCR and Microfluidic-Based qPCR Array

Quantitative RT-qPCR was used to determine the mRNA levels of the selected IRGs in
the discovery cohort 1 of PPATs. Specifically, primers for the selected IRGs were used in
combination with Brilliant III Ultra-Fast SYBR Green (ThermoFisher Scientific, Bedford,
MA, USA) using the Stratagene Mx3000P system (Agilent Technologies, Madrid, Spain)
following the manufacturer’s instructions. mRNA levels were determined to analyze the
putative steady levels or the variability in the expression across the different groups of
patients [i.e., with BPH or PCa and both under NW and OB conditions] using the MxPro
3.0 qPCR software (Agilent Technologies, Madrid, Spain).

Likewise, a microfluidic-based qPCR array (Standard BioTools, San Francisco, CA,
USA) was used to simultaneously determine the gene expression levels of the 15 candidate
IRGs in the second cohort of PPAT samples using a 48.48 Dynamic Array Plate (GE 48.48
Dynamic Array Reagent Kit with Control Line Fluid, Standard BioTools, San Francisco, CA,
USA). Preamplification, exonuclease I treatment, and microfluidic-based qPCR array were
implemented as previously described [41,42] following the manufacturer’s instructions
using the Biomark HD System and the Fluidigm Real-Time PCR Analysis v4.8.2 Software.

4.5. Evaluation of Putative IRGs

To study the suitability of the selected IRGs to be used for the normalization of gene
expression analyses as well as to establish a prioritized ranking of these IRGs, a combination
of different software analysis (including ΔCt method, NormFinder v.20.0, GeNorm v3.5,
and BestKeeper v1.0) were used. Specifically, the ΔCt method is based on the relative
comparison expression of ‘pairs of genes’ within each sample. On this basis, stability of the
candidate housekeeping genes was ranked according to repeatability of the gene expression
differences [43]. The NormFinder algorithm [44] relies on intra- and inter-group variation
to estimate gene expression stability enabling the ranking of the candidates so that the less
stable genes represent the worse as reference genes. GeNorm [45] calculates the called ‘M’
value using the arithmetic mean of the pair-wise variations of each candidate gene. A low
M value (default value threshold set on 1.5) represents a stable gene expression. In addition,
GeNorm also calculates the normalization factor according to the number of reference
genes inputted. BestKeeper [46] considers the SD as a measure of estimated variability
along with the coefficient of variance (CV) from the direct Ct values of each gene. The Ct is
established as the number of cycles needed to reach the fluorescent signal threshold so that
the lower the Ct level, the greater amount of nucleic sample in an inversely proportional
way. Furthermore, RefFinder (http://blooge.cn/RefFinder/), (accessed on 2 September
2023) a web-based tool, was also used to assign a weighted and individual gene score by
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calculating the geometric mean of their weights for the overall final ranking, allowing the
integration of the three computational programs cited below [47]. In addition, a bootstrap
step with replacement [48] was performed to evaluate the confidence of the ranking (size
of 100,000) across those weighted scores by using the R (v. 3.5.2) package Boot (v. 1.3-28.1).

4.6. Statistical Analyses

Statistical differences were assessed by a t-test or by two-way ANOVA followed
by Fisher’s correction exact test according to the comparison. All statistical analyses
and plots were generated using Prism software 9.0 (GraphPad Software, La Jolla, CA,
USA). The p-value of < 0.05 was considered statistically significant. Data represent the
median (interquartile range) or means ± SD, wherein asterisks (* p <0.05; ** p < 0.01;
and *** p < 0.001) indicate statistically significant differences between different conditions.
The Metaboanalyst 5.0 online platform was used to perform normalization and density
plot visualization.

4.7. Study Limitations

Limitations of this study include the selection of a defined set of genes mainly based
on a literature search. Additionally, the number of samples (n = 20 in the discovery cohort-1
and n = 48 in the validation cohort-2) might be considered limited. However, it should
be mentioned that the work herein presented represents a collection of PPAT tissues over
a 5-year period where the availability of PPAT is dependent on the written informed
consent from the participants which, in our experience, is not easy to obtain in many cases.
Therefore, it is very difficult to obtain human PPAT samples for research purposes and this
is probably the reason why the publications that include PPAT samples are very limited
and include similar or lower numbers of samples than the one used in our study [49–51].
Furthermore, across the selected patients, other confounding factors such as androgen
dependence, tumor behavior, disease duration, or previous anti-tumor treatments, could
not be considered in this study. Finally, regarding the validation of the three genes selected
as the most suitable IRGs among all the candidates analyzed, part of this validation is
based on gene alterations that were described in other types of adipose tissues. Given the
peculiar nature of periprostatic adipose tissue, the changes observed may not necessarily
occur in the same way as in other depots. Therefore, results herein obtained should be
corroborated in additional cohorts of samples.
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1000 Ljubljana, Slovenia; milka.vrecl@vf.uni-lj.si (M.V.); jana.brankovic@vf.uni-lj.si (J.B.)

* Correspondence: martin.skrlep@kis.si

Abstract: The Slovenian autochthonous breed, Krškopolje pig, is known for high fatness
and better adaptability to different environmental conditions and feed resources. However,
the metabolic processes underlying these adaptations, especially in response to different
diets, have not yet been studied. A deeper understanding of these mechanisms could
provide valuable insights into the breed’s adaptability to different environmental conditions.
Therefore, the main objective of this study was to evaluate the effect of a low-protein (LP)
diet on adipose tissue in Krškopolje pigs reared in either organic outdoor (n = 2 × 12) or
conventional indoor (n = 2 × 14) systems. In the outdoor system, the LP diet had no effect
on adipocyte size compared to the control (high-protein) diet, while it increased lipogenic
enzyme activities and monounsaturated fatty acid content, and decreased polyunsaturated
fatty acid content (p < 0.05). RNA sequencing revealed the upregulation of 28 genes and
the downregulation of 37 genes. The upregulated genes were mainly involved in lipid
metabolism (ACLY, FASN, ACACA, MOGAT2), oxidative stress, and mitochondrial function.
In the indoor system, pigs on the LP diet had smaller adipocytes (p < 0.05), whereas no
differences were detected in the lipogenic enzyme activities or fatty acid composition
(p > 0.10). RNA sequencing revealed 30 upregulated and 28 downregulated genes. In
the indoor system, heat shock proteins (HSP70.2, HSPA6) were upregulated in pigs on
the LP diet, while genes involved in the innate immune system (MSR1, TREM2, CSF3R)
were downregulated. To conclude, the present study showed that LP diet affected adipose
tissue metabolism and gene expression in Krškopolje pigs, with different transcriptomic
responses observed in outdoor and indoor rearing conditions.

Keywords: pig; local breed; low-protein diet; indoor system; outdoor system; subcutaneous
adipose tissue; RNA-sequencing; nCounter gene expression assay

1. Introduction

Local pig breeds can play an important role in sustainable pig production due to
their lower nutritional demands, despite their lower growth performance and higher fat
content. The Krškopolje pig, the only preserved autochthonous Slovenian pig breed, has
not undergone genetic selection and consequently displays lower growth performance.
Currently, Krškopolje pigs are raised using a wide variety of husbandry practices, ranging
from intensive indoor farming to fully extensive outdoor systems. The majority are reared
on small-scale farms, which usually use organic or extensive production methods [1].
Compared to modern, lean pig breeds, Krškopolje pigs exhibit greater fat deposition [2]
and moderate protein deposition potential [3]. A recent study by Škrlep et al. [4] has
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shown that dietary protein deficiency has a greater impact on the performance of modern,
lean breeds than fatty Krškopolje pigs. This indicates the adaptability of the breed, and
lower dietary protein requirements. A pilot study by Brossard et al. [3] also showed that
the nutrition of local pig breeds may not be adequately adapted to their needs. Several
studies on other local pig breeds have investigated the effects of various diets on growth
performance, carcass characteristics, and meat quality. In these studies, it was reported
that a controlled reduction of the protein levels in the diet is a suitable strategy to influence
intramuscular fat content and adipose tissue characteristics without significantly affecting
growth [5–9]. Our recent research on Krškopolje pigs [10] showed that a protein-reduced
diet affected carcass fatness only in the organic outdoor system, but not in the conventional
indoor system, highlighting the interaction with the production system. Nevertheless, the
mechanisms driving this underlying response, particularly in adipose tissue, are still poorly
understood. Previous studies reported variable response of lysine-deficient or low-protein
(LP) diets. For instance, research on Chinese local breeds [11,12] suggested an increase
in lipogenic enzyme activity, while studies on Mediterranean breeds [5,6,13] found no
notable effect on lipogenic enzymes or the gene expression of lipogenic genes. Given that
LP diets may affect a broader range of biological processes beyond lipogenesis, including
transcriptional regulation, it becomes important to explore their impact on the global gene
expression landscape using RNA sequencing (RNA-seq). While the RNA-seq method is
widely used in metabolic and nutrigenomic studies of modern pig breeds [9,14,15], it has
never been used in local Krškopolje pig, highlighting the novelty and significance of the
current study. Therefore, the main objective of this study was to elucidate how the adipose
tissue transcriptomic profile responds to a reduced-protein diet in Krškopolje pigs raised in
two different production systems: conventional indoor and organic outdoor systems.

2. Results

2.1. Histomorphological Traits of Adipose Tissue

In the indoor system, the LP diet was associated with smaller adipocyte size in the
outer layer (p < 0.05) and showed a tendency toward smaller adipocytes in the inner layer
(p < 0.10). Additionally, a tendency toward a higher adipocyte number per region of interest
(ROI) was observed in the inner layer (p < 0.10). In the outdoor system, the LP diet group
showed a tendency toward increased backfat thickness; however, no significant effect on
adipocyte size or number was observed (Table 1).

Table 1. Histomorphological characteristics of subcutaneous adipose tissue in Krškopolje pigs
according to feeding in outdoor and indoor rearing systems.

HP Diet LP Diet RMSE p-Value

Outdoor rearing system

Number of pigs 12 12

Backfat thickness, mm 49.4 53.7 5.21 0.058

Adipocyte surface area, μm2

Inner layer 7828 8055 873.1 0.540
Outer layer 8596 8645 723.1 0.872

Number of adipocytes per ROI
Inner layer 136 132 24.0 0.686
Outer layer 149 144 24.3 0.622
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Table 1. Cont.

HP Diet LP Diet RMSE p-Value

Indoor rearing system

Number of pigs 14 14

Backfat thickness, mm 45.1 42.7 5.24 0.236

Adipocyte surface area, μm2

Inner layer 7330 6767 855.5 0.094
Outer layer 8048 7321 792.1 0.023

Number of adipocytes per ROI
Inner layer 160 180 28.8 0.079
Outer layer 185 190 23.7 0.548

HP = control high-protein diet; LP = low-protein diet; RMSE = root mean square error; ROI = region of interest.

2.2. Lipogenic Enzyme Activities of Adipose Tissue

The results of lipogenic enzyme activities primarily showed an effect of the diet
on the adipose tissue in outdoor-reared pigs (Table 2). The LP diet significantly in-
creased the activity of all four lipogenic enzymes tested in the subcutaneous adipose tissue
(p < 0.05), with values ranging from 1.4- to over 2-fold differences. In contrast, no diet-
related differences (p > 0.10) were observed in the indoor system.

Table 2. Lipogenic enzyme activities in subcutaneous adipose tissue of Krškopolje pigs according to
the dietary treatment in outdoor and indoor rearing systems.

HP Diet LP Diet RMSE p-Value

Outdoor rearing system

Number of pigs 12 12

ME1 298.5 416.4 108.24 0.014
G6PD 500.7 628.4 127.69 0.023
CCL 167.4 256.0 71.3 0.006
FASN 19.5 39.5 19.8 0.034

Indoor rearing system

Number of pigs 14 14

ME1 211.6 240.8 60.27 0.212
G6PD 491.3 495.1 102.7 0.922
CCL 123.9 124.1 53.59 0.992
FASN 18.1 15.0 8.77 0.456

HP = control high-protein diet; LP = low-protein diet; RMSE = root mean square error; ME1 = malic enzyme;
G6PD = glucose-6-phosphate dehydrogenase; CCL = citrate cleavage enzyme; FASN = fatty acid synthase. The
activities of ME1 and G6PD are expressed as nmol of reduced nicotinamide adenine dinucleotide phosphate per
minute per gram of wet tissue, and the activities of CCL and FASN are expressed as nmol of oxidized nicotinamide
adenine dinucleotide phosphate per minute per gram of wet tissue.

2.3. Fatty Acid Composition of Adipose Tissue

The content of 20 different fatty acids was measured in the adipose tissue of Krškopolje
pigs. The subcutaneous adipose tissue of animals fed the LP diet (Table 3) contained more
monounsaturated fatty acids (MUFAs) (p < 0.05) and less polyunsaturated fatty acids
(PUFAs) (p < 0.01) compared to those fed the control high-protein (HP) diet. This was
particularly reflected in a higher proportion of oleic acid (C18:1) and a lower proportion of
linoleic acid (C18:2n−6), together with some less representative PUFAs (e.g., C18:3n−3,
C20:2n−6, C20:2n−3). In the indoor system, no notable differences were observed, except
for alpha-linolenic (C18:3n−3, p = 0.001) and palmitoleic acid (16:1n−7, p < 0.10), both of
which were lower in pigs fed the LP diet.
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Table 3. The fatty acid composition of subcutaneous adipose tissue of Krškopolje pigs according to
the dietary treatment in outdoor and indoor rearing systems. Results are in g/100 g of fatty acids.

HP Diet LP Diet RMSE p-Value

Outdoor rearing system

Number of pigs 12 12

SFA 43.47 43.52 1.570 0.937
MUFA 45.55 46.73 1.273 0.034
PUFA 10.98 9.75 0.859 0.002

C10:00 0.05 0.05 0.016 0.787
C12:00 0.07 0.07 0.004 0.606
C14:00 1.36 1.31 0.060 0.066
C15:00 0.01 0.00 0.010 0.204
C16:00 25.79 25.93 0.724 0.637

C16:1n−7 1.8 1.86 0.267 0.616
C17:00 0.13 0.12 0.014 0.015

C17:1n−7 0.21 0.19 0.031 0.080
C18:00 15.83 15.8 1.248 0.950

C18:1n−9 42.18 43.26 1.144 0.031
C18:2n−6 9.26 8.21 0.757 0.003
C18:3n−3 0.69 0.61 0.058 0.005

C20:00 0.24 0.25 0.020 0.194
C20:1n−9 1.36 1.43 0.150 0.275
C20:2n−6 0.69 0.62 0.058 0.009
C20:3n−6 0.05 0.04 0.008 0.061
C20:3n−3 0.13 0.11 0.013 0.006
C22:1n−9 0.00 0.00 . .
C20:4n−6 0.17 0.15 0.023 0.186
C22:6n−3 0.00 0.00 . .

Indoor rearing system

Number of pigs 14 14

SFA 41.71 42.15 1.617 0.483
MUFA 46.52 46.82 1.661 0.342
PUFA 11.77 11.03 1.145 0.103

C10:00 0.06 0.06 0.005 0.178
C12:00 0.07 0.07 0.007 1.000
C14:00 1.30 1.26 0.080 0.130
C15:00 0.03 0.02 0.022 0.239
C16:00 25.01 24.79 0.806 0.465

C16:1n−7 2.01 1.83 0.246 0.059
C17:00 0.14 0.14 0.022 0.768

C17:1n−7 0.25 0.25 0.038 0.518
C18:00 14.89 15.60 1.181 0.123

C18:1n−9 43.09 43.48 1.533 0.509
C18:2n−6 9.99 9.36 0.994 0.108
C18:3n−3 0.84 0.73 0.076 0.001

C20:00 0.21 0.22 0.027 0.453
C20:1n−9 1.17 1.24 0.952 0.292
C20:2n−6 0.60 0.61 0.065 0.804
C20:3n−6 0.04 0.04 0.008 0.749
C20:3n−3 0.11 0.10 0.024 0.235
C22:1n−9 0.00 0.01 0.038 0.327
C20:4n−6 0.18 0.19 0.027 0.810

HP = control high-protein diet; LP = low-protein diet; RMSE = root mean square error; SFA = saturated fatty acid;
MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid.

2.4. RNA-Sequencing

Sequencing yielded, on average, 66.8 million total reads. The average number of read
counts was 69.0, 96.1, 51.7, and 49.7 million for the outdoor LP, outdoor HP, indoor LP, and
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indoor HP groups, respectively. Approximately 98.4% of the reads were mapped to the
annotated Sus scrofa 11.1 genome, with 94.5% of the mapped clean reads having unique
matches. General mapping statistics can be found in Supplementary File S1.

2.4.1. Diet Effect on Differential Gene Expression in the Outdoor Rearing System

A comparison of LP and HP diets in the outdoor system revealed 65 differentially
expressed genes (Figure 1A, Supplementary File S2). Among them, 28 genes were up-
regulated and 37 genes were downregulated, with log2 (fold change) values ranging
from −3.2 (LSMEM1) to 4.9 (ACSM5). To annotate the differentially expressed genes,
an over-representation analysis was performed, which revealed enrichment of genes in-
volved in lipid metabolism (Figure 2A). These include terms related to lipid biosynthesis
(GO:0008610), acyl-CoA metabolism (GO:0006637, GO:0071616), thioester metabolism
(GO:0035383, GO:0035384), carboxylic acid (GO:0046394) and organic acid biosynthe-
sis processes (GO:0016053) (Supplementary File S3). The KEGG over-representation
analysis identified a significantly enriched pathway, namely propanoate metabolism
(ssc00640) (Supplementary File S4).

 
Figure 1. Volcano plots depicting genes expressed in the subcutaneous adipose tissue from pigs
receiving low-protein (LP) vs. control high-protein diet (HP) in the (A) outdoor and (B) indoor
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systems. The horizontal lines indicate the significance threshold of differentially expressed genes
at a p-value of 0.05. The vertical lines represent the threshold of |log2 (fold change)| > 1. Genes
upregulated in the LP compared to HP group have log2(fold change) > 1, while downregulated genes
have log2 (fold change) < −1.

 
Figure 2. The gene ontology (GO) over-representation analysis of differentially expressed genes in
the subcutaneous adipose tissue from pigs fed a low-protein (LP) versus control high-protein (HP)
diet in the (A) outdoor and (B) indoor systems. GO analysis represents the biological process category
(BP) and molecular function category (MF). The gene ratio refers to the proportion of differentially
expressed genes relative to the total number of genes associated with a given GO term.

2.4.2. Diet Effect on Differential Gene Expression in the Indoor Rearing System

Differential gene expression analysis comparing LP and HP groups identified
58 differentially expressed genes (Figure 1B, Supplementary File S5). Among them,
30 genes were upregulated and 28 genes were downregulated with log2 (fold change)
ranging from −2.1 (CLEC7A) to 2.5 (PAH). Gene ontology over-representation analysis
revealed an enrichment of genes involved in biological processes and molecular functions
related to chaperone cofactor-dependent protein folding (GO:0051085), ‘de novo’ post-
translational protein folding (GO:0051084), and protein folding chaperone (GO:0044183)
(Figure 2B, Supplementary File S6). KEGG over-representation analysis did not detect any
significant pathways.

2.5. Candidate Gene Expression Analysis Using NanoString nCounter Gene Expression Assay
2.5.1. Effect of Diet on the Candidate Gene Expression in the Outdoor System

In addition to the lipogenic genes already detected with RNA-seq (e.g., FASN,
ACACA, and ACLY), the expression of several other candidate genes related to lipid
metabolism was measured. In the LP group compared to the HP group (Figure 3A,
Supplementary Files S7 and S8), G6PD, ME1, SCD, ELOVL6, and LPL genes (p < 0.05) were
upregulated. On the other hand, PCK1 and PPARG showed a tendency to be downregulated
(p > 0.10) in LP group.
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Figure 3. Volcano plot showing each gene’s −log10(p-value) and fold change in the (A) out-
door and (B) indoor systems comparing low-protein (LP) versus control high-protein (HP) di-
ets in Krškopolje pig breed using the NanoString nCounter gene expression assay. The x-axis
indicates fold change. Horizontal lines indicate p-value thresholds. Genes are colored in red if
the resulting p-value is below 0.01, in purple if the resulting p-value is between 0.01 and 0.05,
in blue if the resulting p-value is between 0.05 and 0.10, and in black if the resulting p-value
is higher than 0.10. The triangles show genes that were also differentially expressed using the
RNA sequencing method, while the circle denotes other tested genes. Genes upregulated in
the LP compared to HP group have fold change > 1, while downregulated genes have fold
change < −1.
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2.5.2. Effect of Diet on the Candidate Gene Expression in the Indoor System

A comparison of the LP and HP groups (Figure 3B, Supplementary Files S7 and S8)
showed that the PPARG gene was significantly upregulated (p < 0.05) in the LP group,
while the expression of ELOVL6, ME1, ACACA, and ACLY tended to be increased
(p > 0.10). Conversely, the expression of TREH was significantly downregulated in the LP
group compared to the HP group (p < 0.05).

2.6. RNA-Seq Validation Using Nanostring nCounter Gene Expression Assay

To validate the RNA-seq results in the outdoor system, the expression of 10 genes
was selected based on expression fold difference and due to the importance in lipid and
energy metabolism (Figure 3A; Supplementary Files S7 and S8). The MPV17L, PON1, FASN,
ACACA, ECHDC1, AACS, THRSP, PFKFB1 and ACLY genes were upregulated (p < 0.01),
while the NR4A3 gene was downregulated in the LP compared to the HP group.

To validate the RNA-seq results in the indoor system, the expression of eight genes was
measured (i.e., ADAM7, CSF3R, HSPA6, HSP70.2, MMP9, MSR1, SLC11A1, and TREM1)
(Figure 3B, Supplementary Files S7 and S8). Among them, HSPA70.2 and HSPA6 were sig-
nificantly upregulated (p < 0.05), while the SLC11A1 and MSR1 genes were downregulated
(p < 0.05) in the LP compared to the HP group. Although the relative expression of the
other four genes exhibited the same trend (i.e., ADAM7, TREM2, MMP9, and CSF3R), the
difference was not significant (p > 0.10).

3. Discussion

3.1. The Effect of the Diet on Adipose Tissue of Krškopolje Pigs Reared in the Outdoor System

In the outdoor system, gene ontology enrichment analysis of RNA-seq data high-
lighted genes involved in lipid metabolism (ACLY, FASN, ACACA, ACSM5, MOGAT2,
ACSS2, RDH5, and CH25H). Many of the upregulated genes in the LP compared to the
HP group were directly related to fatty acid synthesis (FASN, ACLY, ACACA, ACSM5,
and THRSP) or triglyceride synthesis (MOGAT2). This aligns with increased lipogenic
enzyme activity and greater backfat thickness observed in the present study. Higher lipid
deposition in pigs receiving LP diet could be due to lysine deficiency during fattening. In
addition to higher FASN and ACLY gene expression, RNA-seq also revealed upregulation of
the ACACA gene, which catalyzes the conversion of acetyl-CoA to malonyl-CoA. Malonyl-
CoA is further catalyzed by FASN to synthesize palmitate. Both the ACACA and FASN
genes have previously been identified as candidate genes for fatness and performance
in pigs [15,16] and have been linked to fatty acid composition [17]. In the present study,
upregulation of the THRSP, encoding thyroid hormone responsive spot 14, was detected,
being a direct modulator of lipogenesis [18]. Polymorphisms and the expression of this
gene have previously been associated with lipid synthesis and lipid concentration [19,20]
and its expression has been linked to fatty acid composition [20]. The present study also
detected the upregulation of the MOGAT2 gene, which catalyzes the esterification of glyc-
erol monoesters to diglycerides. This gene has previously been associated with larger fat
deposition [21]. The targeted gene expression approach used in the present study addition-
ally demonstrated the upregulation of ME1 and G6PD genes, which provide nicotinamide
adenine dinucleotide phosphate for fatty acid synthesis. Regarding the effects of the LP diet
on lipogenic gene expression or enzyme activity, the relevant literature is generally very
contradictory. For example, in fatty Wujin pigs [11], the LP diet led to increased expression
of ACACA, ME1, and G6PD genes. On the contrary, the expression of the ACACA gene was
downregulated in fatty Alentejano pigs receiving the LP diet [13]. In studies on the Iberian
and modern breeds, no apparent effect of lysine-deficiency on lipogenic gene expression
was detected [5,6]. In the present study, the targeted gene expression approach additionally
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revealed the upregulation of SCD and ELOVL6, genes responsible for the desaturation of
SFA to MUFA. This is consistent with the higher MUFA content (especially oleic acid), and
lower PUFA content in LP pigs reared outdoors. In contrast to our results, in a study on
the Cinta Senese pig breed reared also outdoors [8], the MUFA content of subcutaneous
adipose tissue remained unaffected by the LP diet, while lower SFA and higher PUFA levels
were observed. These inconsistencies highlight the complexity of dietary effects on fat
composition, which can be influenced by multiple factors. Variations in experimental con-
ditions, such as the age of the animals, the extent of protein restriction, and environmental
factors, likely contribute to the variability in reported results, making direct comparisons
between studies challenging.

In the present study, RNA-seq analysis of the animals reared in the outdoor system ad-
ditionally detected upregulation of genes involved in oxidative stress, such as paraoxonase 1
(PON1) and xanthine dehydrogenase (XDH), and mitochondrial functions (MPV17L,
ECHDC1, ACSM5). Paraoxonase-1 is an antioxidant enzyme that maintains normal levels
of lipid metabolism intermediates [22]. In addition, xanthine dehydrogenase is involved in
adipocyte reactive oxygen species (ROS) generation under oxidative stress conditions [23].
ROS production is increased during adipocyte differentiation and the development of
obesity [24], which also coincides with greater subcutaneous adipose tissue gain observed
in LP pigs. The upregulation of genes involved in oxidative stress could also be a conse-
quence of the environmental conditions, since animals in the outdoor system had increased
energy demands for thermoregulation and physical activity [25,26]. Other upregulated
genes (ACSM5, ECHDC1) detected in the present study were implicated in mitochondrial
functions, more specifically with mitochondrial fatty acid β-oxidation [27]. Consistent with
this, the transcriptional regulator NR4A3, which plays a role in lipid and carbohydrate
metabolism including fatty acid β-oxidation, was downregulated in the LP group. No-
tably, studies have shown that knock-out of the NR4A3 gene also impairs glucose uptake
in adipocytes [28].

3.2. The Effect of the Diet on Adipose Tissue of Krškopolje Pigs Reared in the Indoor System

In the indoor system, Krškopolje pigs receiving the LP diet demonstrated enrichment
of heat shock proteins (HSPs) (i.e., HSP70.2, HSPA6, and DNAJB1). HSPs are a family
of proteins with protective functions under various stress conditions, such as nutritional
stress, tissue hypoxia, or inflammatory response [29,30]. Elevated levels of intracellular
HSP70 (i.e., HSP70.2 and HSPA6 genes) play a cytoprotective and anti-inflammatory role in
adipose tissue, while extracellular HSP70 exhibits proinflammatory activity when released
into the extracellular space [31]. In the present study, the upregulation of HSPs in pigs fed
the LP diet could be associated with anti-inflammatory and cytoprotective response, which
is also supported by the downregulation of genes related to the innate immune system
(CLEC7A, TLR8, MSR1, TREM2, CPM, CSF3R, and SLC11A1). Most of the immunity-related
genes discovered in the present study are associated with macrophages, which are the
most abundant immune cell type in adipose tissue and crucial for regulating adipose tissue
homeostasis [32]. Macrophages perform a phagocytic function that involves the clearance
of apoptotic and necrotic cells, and contributes to tissue remodeling [33]. For example, the
LP diet in the present study affected the downregulation of the receptors TREM2, MSR1,
and CLEC7A, which are expressed on immune cells (including macrophages) and act as
receptors for different ligands [34–36]. In addition, a candidate gene expression approach
used in this study showed the upregulation of the PPARG gene in the LP compared to
HP group. This gene regulates adipogenesis, and supports the observed differences in
histomorphological traits (i.e., a tendency toward a higher number of adipocytes per
ROI in the inner layer) observed in LP compared to HP groups. Besides adipogenesis,

28



Int. J. Mol. Sci. 2025, 26, 4440

PPARG can regulate key macrophage activities, such as differentiation, inflammation and
polarization. The activation of PPARG has been reported to suppress the immune response
of macrophages [33,37]. Accordingly, a downregulated metalloproteinase MMP9 (encoding
gelatinase B), which is involved in extracellular matrix degradation, was detected in the LP
group by RNA-seq. MMP9 can be expressed on fibrolytic macrophages, thus promoting
phagocytosis (in HP compared to LP group) [32]. Furthermore, a study in mice has shown
that LP diet decreases the number and functionality of macrophages [38] and that lysine
deficiency can limit the synthesis of immunity-related proteins necessary for immune
function [39]. The targeted candidate gene expression approach of the present study did
not detect differences in the expression of genes involved in lipid metabolism or energy
homeostasis. This aligns with the absence of phenotypic differences in adiposity-related
traits (i.e., lipogenic enzyme activity and fatty acid composition), as well as no differences
in backfat thickness. The most likely explanation is a much lower lysine content in the LP
group of pigs raised indoors compared to those reared outdoors [10].

3.3. Conclusions

The present study on the local fatty Krškopolje pigs revealed that lowering dietary
protein affected adipose tissue differently, depending on the environment. In the indoor
system, the LP diet reduced the adipocyte size in the outer layer, while it did not affect
lipogenic enzyme activities and fatty acid composition (measured in the inner layer). These
findings were supported by both targeted and untargeted gene expression analyses, which
showed no differences in lipid metabolism genes but indicated the suppression of genes
involved in the immune system, particularly macrophages with phagocytic functions. In
contrast, feeding an LP diet in the outdoor system resulted in increased lipogenic enzyme
activities, higher MUFA, and lower PUFA content compared to the HP group. Gene
expression analysis further confirmed the upregulation of genes associated with lipid
deposition, fatty acid saturation, oxidative stress, and mitochondrial function.

4. Materials and Methods

4.1. Animals and Sample Collection

Two separate field trials were performed to test the effects of reduced dietary
protein in a local pig breed. Krškopolje pigs were reared either in indoor (n = 2 × 14;
14 surgically castrated males and 14 females evenly distributed among the groups) or in
outdoor conditions (fenced open area with trees and shelter) (n = 2 × 12; 16 surgically
castrated males and 8 females evenly distributed among the groups). Animals from the
outdoor system were reared according to organic standards and received organic feed ad
libitum, while the animals reared in the indoor system received the same amount of feed
based on the same ingredients, but of conventional origin. In both systems, animals received
either standard (HP group: fed 15% crude protein from 20 to 80 kg, 12.5% crude protein from
80 to 100 kg, and 10% crude protein from 100 kg to slaughter) or reduced protein diet
(LP group: fed 15% crude protein from 20 to 60 kg and 10% crude protein from 60 kg
to slaughter). Diets were isoenergetic and isoproteic but differed in lysine content, with
the organic diet containing less lysine. The trial began at an average age (mean ± SE) of
102 ± 6, 97 ± 4, 101 ± 2, and 103 ± 3 days for the outdoor HP, outdoor LP, indoor HP, and
indoor LP groups, respectively. The corresponding initial body weights were 23.9 ± 0.8,
24.8 ± 0.7, 25.0 ± 1.1, and 24.9 ± 1.3 kg (mean ± SE). No significant differences were
observed in the starting age or body weight between dietary regimes (p-values > 0.10). The
animals were slaughtered at an average age of 331 ± 6, 326 ± 4, 329 ± 2, and 331 ± 3 days
(mean ± SE), and body weights of 165.2 ± 4.5, 165.3 ± 2.7, 184.0 ± 3.9, and 182.5 ± 3.3 kg
(mean ± SE) for the outdoor HP, outdoor LP, indoor HP, and indoor LP groups, respectively.
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No significant differences were observed in the final age or body weight within dietary
regimens (p-values > 0.10).

Within the first 30 min after slaughter, carcasses were split apart and backfat thickness
was measured at three anatomical sites (withers, last rib, and above gluteus medius mus-
cle). The inner subcutaneous adipose tissue layer was collected at the level of the last rib
and frozen in liquid nitrogen. The samples were stored at −80 ◦C for subsequent RNA
extraction. For RNA-seq and NanoString nCounter gene expression assay, 24 subcutaneous
adipose tissue samples from the indoor group (n = 2 × 12) were selected, along with all
samples from the outdoor system group (n = 2 × 12). For the determination of histomor-
phological traits, lipogenic enzyme activities, and fatty acid composition, the subcutaneous
adipose tissue of all animals was collected (n = 2 × 14 for the indoor and 2 × 12 for the
outdoor comparisons).

4.2. Adipose Tissue Histomorphological Traits

The cellularity of adipose tissue was measured as described in Škrlep et al. [4]. Briefly,
the inner and the outer subcutaneous adipose tissue layers sampled at the level of the last
rib (a cuboid of 2 × 1 × 1 cm) were dissected and fixed in 10% buffered formalin. Tissue
sections of 5 μm (microtome Leica SM2000R, Nussloch, Germany) were cut in a vertical
plane through the dermis and both layers of subcutaneous adipose tissue. The sections were
stained with hematoxylin and eosin (HE) and cover slipped (Gemini AS slide stainer and
cover slipper ClearVue, Thermo Fisher Scientific, Runcorn, UK). For histomorphometric
analysis, images were obtained by a light microscope (Eclipse Ni-U, Nikon, Tokyo, Japan)
and a digital camera (DS -Fi1, Nikon, Tokyo, Japan). For measuring the histomorphological
parameters of the inner and outer subcutaneous adipose tissue layer, 3 images per sample
(each measuring 1.1 mm2) were obtained for each layer at 10× objective magnification, and
the number and cross-sectional area (CSA) of adipocytes were determined using macro
protocol in Fiji 1.53 software [40].

4.3. Determination of Lipogenic Enzyme Activity

Fatty acid synthase (FAS), citrate cleavage enzyme (CCL), glucose-6-phosphate de-
hydrogenase (G6PD), and malic enzyme (ME) were determined in subcutaneous adipose
tissue according to the original methods of Bazin and Ferré [41]. Approximately 1 g of
frozen pulverized sample was homogenized in 10 mL of ice-cold sucrose buffer (0.25 M
sucrose, 1 mM ethylenedinitrilotetraacetic acid, 1 mM dithiothreitol, and 1 mM phenyl-
methylsulphonyl fluoride) and the homogenate centrifuged at 12,000× g at 0 ◦C for 1 h.
The activities of lipogenic enzymes were assessed spectrophotometrically by measuring
the absorbance at 340 nm against the blank for 10 min at 37 ◦C.

4.4. Fatty Acid Composition Analysis

Fatty acid composition of subcutaneous adipose tissue was assessed as previously
described in Škrlep et al. [42]. After pulverizing the samples in liquid nitrogen, 100 mg of
subcutaneous adipose tissue were weighed and transmethylated in situ in 0.5 M NaOH
solution in methanol and dichloromethane (incubated for 50 min at 90 ◦C) and afterwards
by the addition of 14% BF3 in methanol (incubated for 10 min at 90 ◦C). The fatty acid
methyl esters (FAMEs), resulting from the reaction, were extracted using hexane. The
separation of FAMEs was performed by Hewlett–Packard 6890 Gas Cromatograph (Agilent,
Santa Clara, CA, USA) fitted with Supelco SP-2560 Capillary column (100 m × 0.25 mm
i.d. × 0.20 μm; Supelco, Bellafonte, PA, USA) using nitrogen as a carrying gas and flame-
ionization detector (FID). The initial temperature set at 80 ◦C was increased in the following
order: to 160 ◦C at 20 ◦C/min, then to 198 ◦C at 1 ◦C/min for a total running time of
94.4 min. The temperature of the injector was set at 220 ◦C and of the FID to 200 ◦C.
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Specific FAMEs were identified using mixtures of standards (Supelco 37 Component FAME
mix), while nonadecanoic acid was used as an internal standard to determine tissue fatty
acid concentrations.

4.5. RNA-Sequencing Analysis
4.5.1. RNA Extraction, Library Preparation, and Sequencing

Total RNA was extracted from approximately 90 mg of subcutaneous adipose tissue
using the RNeasy Lipid Tissue Mini Kit (Qiagen GmbH, Hilden, Germany) according to the
manufacturer’s instructions. The quality of the extracted RNA was assessed by measuring
the ratio in optical density between 260 and 280 nm using Eppendorf BioSpectrometer
(Eppendorf AG, Hamburg, Germany). Samples were quantified using Qubit 4.0 Fluorom-
eter (Life Technologies, Carlsband, CA, USA). The integrity of RNA was assessed with
Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). The extracted RNA samples
had an RNA integrity number larger than 6.2 and OD260/OD280 ratio between 1.7 and
2.0. Prior to library preparation, equal amounts of total RNA from two individuals were
pooled together, generating 6 pools within each dietary group.

RNA sequencing libraries were prepared using the NEBNext Ultra II RNA Library
Prep Kit for Illumina (NEB, Ipswich, MA, USA) according to the manufacturer’s instruc-
tions. The libraries were validated using an NGS Kit on an Agilent 5300 Fragment Analyzer
(Agilent Technologies, Palo Alto, CA, USA) and quantified by a Qubit 4.0 Fluorometer (Life
Technologies, Carlsband, CA, USA).

The multiplexed sequencing libraries were loaded onto the Illumina NovaSeq 6000
generating 2 × 150 paired-end reads. Raw sequence data were converted into fastq files and
de-multiplexed using Illumina bcl2fastq program (version 2.20). The RNA-seq experiment
was submitted to the NCBI Gene Expression Omnibus (GEO) (Bethseda, MD, USA) and
was assigned GEO accession number GSE292746.

4.5.2. Bioinformatic Analysis of RNA-Seq Data

The quality control of the raw data was performed using FastQC v1.0.0 software. The
sequence reads were trimmed using Trimmomatic v.0.36 [43] to remove adapter sequences
and poor-quality nucleotides. The trimmed reads were mapped to Sus scrofa 11.1 reference
genome (release 108) using STAR aligner v.2.5.2b [44]. Unique gene hit counts were
calculated using featureCounts (Subread package v.1.5.2.) [45] and summarized using
the gene_id feature in the annotation file. Unique reads that fell within the exon region
were counted.

Gene hit counts were further used for differential gene expression analysis using
DESeq2 [46]. In both production systems (i.e., outdoor and indoor systems), differentially
expressed genes in the LP compared to HP diets were searched. The Wald test was used to
generate and calculate p-values and log2 fold changes. The resulting p-values were adjusted
using the Benjamini–Hochberg method. Significant differential expression threshold was
set at the adjusted p-value of 0.05 and |log2(fold change)| > 1. Volcano plots were created
using EnhancedVolcano R package.

4.5.3. Gene Ontology and KEGG Pathway Over-Representation Analyses

Gene ontology (GO) over-representation analysis of differentially expressed genes
was performed by the R package ClusterProfiler v.3.17 [47]. Gene ontology terms with the
adjusted q value (adjusted p-value by Benjamini and Hochberg method) below 0.05 were
considered significantly enriched.

Additionally, R package ClusterProfiler v.3.17 [48] was used to test the statistical
enrichment of differentially expressed genes in the Kyoto Encyclopedia of Genes and
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Genomes (KEGG) pathways using Fisher’s exact test. Test results were subjected to multiple
testing corrections of the p-values by the Benjamini and Hochberg method.

4.6. Candidate Gene Expression Analysis and Validation of RNA-Seq Data Using NanoString

A total of 48 test genes with 5 housekeeping genes were selected for gene expression
quantification in individual animals on the nCounter Sprint (NanoString Technologies,
Seattle, WA, USA) using Elements TagSets. Test genes were selected from the list of
differentially expressed genes detected by RNA-seq based on expression fold difference
and due to their importance in lipid and energy metabolism. Additional genes were
selected from the literature survey.

For the outdoor group, the following candidate genes were selected from the literature:
CEBPA, ELOVL6, G6PD, LEP, LIPE, LPL, ME1, PCK1, PNPLA2, PPARG, and SCD. For RNA-
seq validation, the following genes were selected from the list of differentially expressed
genes: AACS, ACACA, ACLY, ACSM5, ECHDC1, FASN, MPV17L, PFKFB1, PON1, THRSP,
NR4A3, MOGAT2, TRPV4, and XDH. For the indoor group, the following candidate genes
were selected from the literature: ACACA, ACLY, CEBPA, ELOVL6, FABP4, FASN, G6PD,
LEP, LEPR, LIPE, LPL, ME1, PCK1, PNPLA2, PPARG, SCD, SREBF1, and TREH. For RNA-
seq validation, the following genes were selected: CSF3R, HSP70.2, MMP9, MSR1, SLC11A1,
TREM2, ADAM7, ATP6V0D2, CLEC7, SLC27A5, and TAS2R40. More details are provided
in Supplementary File S8.

The oligonucleotide probes used were designed by NanoString Technologies
(Seattle, WA, USA) and synthesized by IDT Technologies (Coralville, IA, USA)
(Supplementary File S8). Prior to analysis, RNA samples were diluted to 40 ng/μL in
RNAse-free water. The assay was performed according to the manufacturer’s protocol.

The nSolver analysis software v.4.0 was used for the raw data quality control (i.e.,
reporter code count files or RCC files) analysis. The RCC files were imported and under-
went software quality control routine. For all samples, fields of view registration (imaging)
was more than 99%; binding density was between 0.2 and 0.71; positive control linearity
was 1.0; and the limit of detection was more than 0.5 fM positive control and ≤2 standard
deviations above the mean of the negative controls.

The background threshold count value was defined as the average value plus
two standard deviations of negative control probes. Testing genes having more than
40% of samples above background threshold count value were further considered for the
analysis. Counts of eight genes (MOGAT2, TAS2R40, TRPV4, XDH, SLC27A5, ATP6V0D2,
CLEC7A, and PAH) were below threshold; therefore, they were excluded from the anal-
ysis. Gene FABP7 was excluded from the indoor comparison, and genes LEPR, ACSM5,
HSPA6, and ADAM7 were excluded from the outdoor comparison due to a low number
of samples being above background threshold (Supplementary Files S8). Positive control
normalization factor was computed using geometric mean. Afterwards, the housekeeping
normalization factor was calculated using geometric mean of 4 housekeeping genes, i.e.,
B2M, PPIA, TOP2B, and YWHAZ with the percentage of coefficient of variation ranging
from 13.6 to 18.9% for the indoor comparison, and 22.5 to 26.7% for the outdoor comparison.
Housekeeping gene GAPDH was excluded from the normalization due to a high coefficient
of variation. A Welch t-test was performed to calculate the significance of the fold change.
EnhancedVolcano R package was used to present the results.

4.7. Statistical Analysis

Data from histomorphological analyses, lipogenic enzyme activities, and fatty acid
composition were analyzed using SAS statistical software version 9.1 (SAS Institute Inc.,
Cary, NC, USA) with the PROC MIXED procedure. The effect of diet was evaluated
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within conventional indoor and organic outdoor rearing systems. In both cases, the model
included fixed effects of the diet and sex. Least square means were calculated and compared
using the LSMEANS procedure with the PDIFF option.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms26094440/s1.
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10. Škrlep, M.; Poklukar, K.; Millet, S.; Čandek-Potokar, M. Reducing Protein Levels in Diets for Local Pig Breeds: A Case Study on
Fat-type Krškopolje Pig. Anim. Sci. J. 2025; under review.

11. Zhao, S.; Wang, J.; Song, X.; Zhang, X.; Ge, C.; Gao, S. Impact of Dietary Protein on Lipid Metabolism-Related Gene Expression in
Porcine Adipose Tissue. Nutr. Metab. 2010, 7, 6. [CrossRef]

12. Wang, J.; Zhao, S.M.; Song, X.L.; Pan, H.B.; Li, W.Z.; Zhang, Y.Y.; Gao, S.Z.; Chen, D.W. Low Protein Diet Up-Regulate
Intramuscular Lipogenic Gene Expression and down-Regulate Lipolytic Gene Expression in Growth—Finishing Pigs. Livest. Sci.
2012, 148, 119–128. [CrossRef]

13. Madeira, M.S.; Pires, V.M.R.; Alfaia, C.M.; Costa, A.S.H.; Luxton, R.; Doran, O.; Bessa, R.J.B.; Prates, J.A.M. Differential Effects
of Reduced Protein Diets on Fatty Acid Composition and Gene Expression in Muscle and Subcutaneous Adipose Tissue of
Alentejana Purebred and Large White × Landrace × Pietrain Crossbred Pigs. Br. J. Nutr. 2013, 110, 216–229. [CrossRef] [PubMed]

14. Hasan, M.S.; Wang, Y.; Feugang, J.M.; Zhou, H.; Liao, S.F. RNA Sequencing Analysis Revealed Differentially Expressed Genes
and Their Functional Annotation in Porcine Longissimus Dorsi Muscle Affected by Dietary Lysine Restriction. Front. Vet. Sci.
2023, 10, 1233292. [CrossRef] [PubMed]

15. Malgwi, I.H.; Halas, V.; Grünvald, P.; Schiavon, S.; Jócsák, I. Genes Related to Fat Metabolism in Pigs and Intramuscular Fat
Content of Pork: A Focus on Nutrigenetics and Nutrigenomics. Animals 2022, 12, 150. [CrossRef]

16. Stachowiak, M.; Nowacka-Woszuk, J.; Szydlowski, M.; Switonski, M. The ACACA and SREBF1 Genes Are Promising Markers for
Pig Carcass and Performance Traits, but Not for Fatty Acid Content in the Longissimus Dorsi Muscle and Adipose Tissue. Meat
Sci. 2013, 95, 64–71. [CrossRef]

17. Muñoz, G.; Alves, E.; Fernández, A.; Óvilo, C.; Barragán, C.; Estellé, J.; Quintanilla, R.; Folch, J.M.; Silió, L.; Rodríguez, M.C.; et al.
QTL Detection on Porcine Chromosome 12 for Fatty-Acid Composition and Association Analyses of the Fatty Acid Synthase,
Gastric Inhibitory Polypeptide and Acetyl-Coenzyme A Carboxylase Alpha Genes. Anim. Genet. 2007, 38, 639–646. [CrossRef]

18. Colbert, C.L.; Kim, C.-W.; Moon, Y.-A.; Henry, L.; Palnitkar, M.; McKean, W.B.; Fitzgerald, K.; Deisenhofer, J.; Horton, J.D.;
Kwon, H.J. Crystal Structure of Spot 14, a Modulator of Fatty Acid Synthesis. Proc. Natl. Acad. Sci. USA 2010, 107, 18820–18825.
[CrossRef]

19. Wang, X.; Cheng, J.; Qin, W.; Chen, H.; Chen, G.; Shang, X.; Zhang, M.; Balsai, N.; Chen, H. Polymorphisms in 5′ Proximal
Regulating Region of THRSP Gene Are Associated with Fat Production in Pigs. 3 Biotech 2020, 10, 267. [CrossRef]

20. Corominas, J.; Ramayo-Caldas, Y.; Puig-Oliveras, A.; Estellé, J.; Castelló, A.; Alves, E.; Pena, R.N.; Ballester, M.; Folch, J.M.
Analysis of Porcine Adipose Tissue Transcriptome Reveals Differences in de Novo Fatty Acid Synthesis in Pigs with Divergent
Muscle Fatty Acid Composition. BMC Genom. 2013, 14, 843. [CrossRef]

21. Xing, K.; Wang, K.; Ao, H.; Chen, S.; Tan, Z.; Wang, Y.; Xitong, Z.; Yang, T.; Zhang, F.; Liu, Y.; et al. Comparative Adipose
Transcriptome Analysis Digs out Genes Related to Fat Deposition in Two Pig Breeds. Sci. Rep. 2019, 9, 12925. [CrossRef]

22. Meneses, M.J.; Silvestre, R.; Sousa-Lima, I.; Macedo, M.P. Paraoxonase-1 as a Regulator of Glucose and Lipid Homeostasis: Impact
on the Onset and Progression of Metabolic Disorders. Int. J. Mol. Sci. 2019, 20, 4049. [CrossRef] [PubMed]

23. Zhou, Y.; Li, H.; Xia, N. The Interplay Between Adipose Tissue and Vasculature: Role of Oxidative Stress in Obesity. Front.
Cardiovasc. Med. 2021, 8, 650214. [CrossRef] [PubMed]

24. Manna, P.; Jain, S.K. Obesity, Oxidative Stress, Adipose Tissue Dysfunction, and the Associated Health Risks: Causes and
Therapeutic Strategies. Metab. Syndr. Relat. Disord. 2015, 13, 423–444. [CrossRef]

25. Pugliese, C.; Madonia, G.; Chiofalo, V.; Margiotta, S.; Acciaioli, A.; Gandini, G. Comparison of the Performances of Nero Siciliano
Pigs Reared Indoors and Outdoors. 1. Growth and Carcass Composition. Meat Sci. 2003, 65, 825–831. [CrossRef]

26. Bee, G.; Guex, G.; Herzog, W. Free-Range Rearing of Pigs during the Winter: Adaptations in Muscle Fiber Characteristics and
Effects on Adipose Tissue Composition and Meat Quality Traits. J. Anim. Sci. 2004, 82, 1206–1218. [CrossRef]

27. Adeva-Andany, M.M.; Carneiro-Freire, N.; Seco-Filgueira, M.; Fernández-Fernández, C.; Mouriño-Bayolo, D. Mitochondrial
β-Oxidation of Saturated Fatty Acids in Humans. Mitochondrion 2019, 46, 73–90. [CrossRef]

28. Zhang, C.; Zhang, B.; Zhang, X.; Sun, G.; Sun, X. Targeting Orphan Nuclear Receptors NR4As for Energy Homeostasis and
Diabetes. Front. Pharmacol. 2020, 11, 587457. [CrossRef]

29. Timofeev, Y.S.; Kiselev, A.R.; Dzhioeva, O.N.; Drapkina, O.M. Heat Shock Proteins (HSPs) and Cardiovascular Complications of
Obesity: Searching for Potential Biomarkers. Curr. Issues Mol. Biol. 2023, 45, 9378–9389. [CrossRef]

30. Moura, C.S.; Lollo, P.C.B.; Morato, P.N.; Amaya-Farfan, J. Dietary Nutrients and Bioactive Substances Modulate Heat Shock
Protein (HSP) Expression: A Review. Nutrients 2018, 10, 683. [CrossRef]

34



Int. J. Mol. Sci. 2025, 26, 4440

31. Krause, M.; Heck, T.G.; Bittencourt, A.; Scomazzon, S.P.; Newsholme, P.; Curi, R.; de Bittencourt, P.I.H. The Chaperone Balance
Hypothesis: The Importance of the Extracellular to Intracellular HSP70 Ratio to Inflammation-Driven Type 2 Diabetes, the Effect
of Exercise, and the Implications for Clinical Management. Mediat. Inflamm. 2015, 2015, 249205. [CrossRef]

32. Dahdah, N.; Tercero-Alcázar, C.; Malagón, M.M.; Garcia-Roves, P.M.; Guzmán-Ruiz, R. Interrelation of Adipose Tissue
Macrophages and Fibrosis in Obesity. Biochem. Pharmacol. 2024, 225, 116324. [CrossRef] [PubMed]

33. Yu, L.; Gao, Y.; Aaron, N.; Qiang, L. A Glimpse of the Connection between PPARγ and Macrophage. Front. Pharmacol. 2023,
14, 1254317. [CrossRef] [PubMed]

34. Colmenares, M.T.C.; Matos, A.d.O.; Dantas, P.H.d.S.; Neto, J.R.D.C.; Silva-Sales, M.; Sales-Campos, H. Unveiling the Impact of
TREM-2+ Macrophages in Metabolic Disorders. Cell. Immunol. 2024, 405–406, 104882. [CrossRef] [PubMed]

35. Vogel, A.; Brunner, J.S.; Hajto, A.; Sharif, O.; Schabbauer, G. Lipid Scavenging Macrophages and Inflammation. Biochim. Biophys.
Acta (BBA) Mol. Cell Biol. Lipids 2022, 1867, 159066. [CrossRef]

36. Odegaard, J.I.; Ricardo-Gonzalez, R.R.; Eagle, A.R.; Vats, D.; Morel, C.R.; Goforth, M.H.; Subramanian, V.; Mukundan, L.; Ferrante,
A.W.; Chawla, A. Alternative M2 Activation of Kupffer Cells by PPARδ Ameliorates Obesity-Induced Insulin Resistance. Cell
Metab. 2008, 7, 496–507. [CrossRef]

37. Heming, M.; Gran, S.; Jauch, S.-L.; Fischer-Riepe, L.; Russo, A.; Klotz, L.; Hermann, S.; Schäfers, M.; Roth, J.; Barczyk-
Kahlert, K. Peroxisome Proliferator-Activated Receptor-γ Modulates the Response of Macrophages to Lipopolysaccharide and
Glucocorticoids. Front. Immunol. 2018, 9, 893. [CrossRef]

38. Santos, E.W.; de Oliveira, D.C.; Hastreiter, A.; Beltran, J.S.d.O.; Rogero, M.M.; Fock, R.A.; Borelli, P. High-Fat Diet or Low-Protein
Diet Changes Peritoneal Macrophages Function in Mice. Nutrire 2016, 41, 6. [CrossRef]

39. Liao, S.F.; Wang, T.; Regmi, N. Lysine Nutrition in Swine and the Related Monogastric Animals: Muscle Protein Biosynthesis and
Beyond. SpringerPlus 2015, 4, 147. [CrossRef]

40. Schneider, C.A.; Rasbad, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef]

41. Bazin, R.; Ferré, P. Assays of Lipogenic Enzymes. In Adipose Tissue Protocols; Ailhaud, G., Ed.; Springer: New York, NY, USA, 2001;
pp. 121–127.

42. Škrlep, M.; Poklukar, K.; Kress, K.; Vrecl, M.; Fazarinc, G.; Lukač, N.B.; Weiler, U.; Stefanski, V.; Čandek-Potokar, M. Effect of
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Abstract: Clinical mastitis (CM) is a prevalent and severe inflammatory disease in dairy cows
affecting the mammary glands. Fatty acid (FA) metabolism and associated enzymes are crucial for
many physiological and pathological processes in dairy cows. However, the relationships among FA
metabolism, FA-associated enzymes, and CM, as well as the mechanisms underlying their interactions,
in dairy cows are not fully understood. The aim of this study was to characterize biological process
(BP) terms, pathways, and differentially expressed proteins (DEPs) related to FA metabolism from
our previous data-independent acquisition proteomic study. Six BPs involving 14 downregulated
and 20 upregulated DEPs, and four pathways involving 10 downregulated and 11 upregulated
DEPs related to FA synthesis and metabolism were systematically identified. Associated analysis
suggested that 12 candidate DEPs obtained from BPs and pathways, especially acyl-CoA thioesterase
7 (ACOT7), regulate long-chain FA (LCFA) elongation and the biosynthesis of unsaturated FAs.
Immunohistochemical and immunofluorescence staining results showed that ACOT7 was present
mainly in the cytoplasm of mammary epithelial cells. The qRT-PCR and Western blotting results
showed that ACOT7 mRNA and protein levels in the mammary glands of the CM group were
significantly upregulated compared to those in the healthy group. This evidence indicates that
ACOT7 is positively correlated with CM onset and progression in Holstein cows. These findings offer
novel insights into the role of FA metabolism and related enzymes in CM and offer potential targets
for the development of therapeutic strategies and biomarkers for the prevention and treatment of
CM in dairy cows.

Keywords: clinical mastitis; long-chain fatty acids; ACOT7; bioinformatics

1. Introduction

Clinical mastitis (CM), a prevalent and severe disease in dairy cows, is triggered
by physical, chemical, and microbial factors that lead to localized inflammation in the
bovine mammary glands. The mammary gland, as the organ for milk production, func-
tions normally in lactation, producing various fatty acids (FAs), proteins, and other minor
components of milk. FAs are crucial components of milk fat and are a key energy source
for mammary epithelial cells (MECs) [1,2]. MECs either take up free FAs from the plasma
or synthesize them internally, esterify them into various FAs, and secrete them into milk [2].
The endogenous accumulation or unbalanced production of FAs, occurring both naturally
in the mammary gland or upon exogenous microbial infection with Gram-negative bac-
teria, results in the production of endotoxins, such as lipopolysaccharide (LPS), which
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translocate into the bloodstream and lead to an inflammatory response [3], particularly in
the mammary gland. Consequently, pathogen infections prompt the immune system to
initiate inflammatory responses in the mammary gland, resulting in tissue damage and
disturbances in FA metabolism [4,5], which manifest as typical CM-associated character-
istics of bovine mammary glands and milk. This severely affects milk yield and quality,
resulting in decreased milk production, higher veterinary expenses, and prolonged herd
management challenges, which collectively have a substantial impact on the economic
sustainability of the dairy industry [6,7]. However, the pathological molecular mecha-
nisms associated with FAs during the regulation of CM development in dairy cows are not
completely understood.

FAs, including short-chain FAs (SCFAs), long-chain FAs (LCFAs), and medium-chain
FAs (MCFAs), depending on their type, intake, or consumption patterns and specific health
conditions, can affect multiple aspects of inflammation, such as leukocyte chemotaxis,
adhesion molecule expression, and leukocyte–endothelial adhesive interactions [6]. This
is especially apparent with chronic inflammatory diseases, such as mastitis, ketoacidosis,
and endometritis in mammals [8,9]. For example, SCFAs can modulate the production of
inflammatory mediators, such as interferon-gamma (IFN-γ), interleukin (IL)-2, and IL-10
in inflammatory cells [10]. SCFAs are the potential immunomodulatory metabolites in
controlling Staphylococcus-aureus-mediated mastitis [11]. Further, saturated FAs (SFAs),
a subset of LCFAs, are closely associated with chronic inflammation [12]. Elevated SFA
levels can activate the Toll-like receptor (TLR) 4 signaling pathway, leading to the increased
production of pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α)
and IL-6, thereby promoting the onset of mastitis [13,14]. Levels of these pro-inflammatory
cytokines are upregulated during the pathogenesis of inflammation-based mastitis in dairy
cows [15]. Moreover, excessive SFA intake can aggravate mastitis in dairy cows, which is
dependent on alterations to the fluidity of cell membranes, disruptions in signal transduc-
tion, and enhanced lipid synthesis, intensifying the inflammatory response in MECs [16].
Considering the role of fatty acids in promoting the upregulation of inflammatory cytokines,
it is plausible to hypothesize that this process may be driven by dysregulation of fatty acid
metabolism, thereby contributing to the development of mastitis. Interestingly, owing to
the beneficial effects of MCFAs on anti-pathogen activity, immune-improving reactions,
inflammation prevention, and the suppression of damage caused by inflammation, they
have been used as feed supplements for monogastric animals [17]. However, their applica-
tion in ruminants remains controversial. Collectively, FA metabolism has crucial roles in
various physiological and pathological processes in animals, both as an important source
of energy and a key component of cell membranes, while occupying an important position
in signal transduction and metabolic regulation.

Enzymes associated with FA metabolism can influence inflammatory responses via
different pathways. Fatty acid synthase (FASN), a key metabolic enzyme, is significantly
correlated with the expression of inflammatory cytokines and enzymes in bovine MECs [7].
Moreover, acyl-CoA thioesterases (ACOTs), comprising a key class of lipases responsible for
the β-oxidation of LCFAs [18,19], can affect various inflammatory signaling pathways via
LCFA accumulation [20]. Some enzymes involved in FA synthesis, such as cyclooxygenases
(COXs), lipoxygenases (LOXs), FASN, acyl-CoA synthetase long-chain family member
(ACSL)-1, and peroxisome proliferator-activated receptor gamma (PPARG), alter oxidative
stress or antioxidant activity in LPS-treated bovine MECs [21]. This evidence illustrates
that enzymes associated with FA metabolism are closely associated with inflammatory
diseases caused by abnormal or unbalanced FA metabolism.

Overall, exploring the roles of enzymes associated with FA metabolism and the in-
flammatory response will provide an innovative direction for understanding physiological
and pathological processes in animals, particularly in dairy cows with mastitis. However,
in dairy cows, the relationships among FA metabolism, FA-associated enzymes, and CM,
in addition to the underlying mechanisms, are not fully understood. The aim of this study
was to screen differentially expressed proteins (DEPs) associated with FA metabolism
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and investigate their functions in healthy dairy cows and those with CM. The expression
patterns and distributions of core DEPs were evaluated in the mammary glands of healthy
and CM-affected dairy cows, which could provide new strategies for the prevention and
treatment of bovine mastitis.

2. Results

2.1. Identification of Candidate DEPs Related to FA Synthesis or Metabolism Based on GO Terms

Gene Ontology (GO) terms related to FA synthesis or metabolism and associated
candidate DEPs were screened based on 3739 DEPs and 819 biological process (BP) terms
from data-independent acquisition (DIA) proteomics (Figure 1). Six BPs (p < 0.05 and
p.adjust < 0.05; Table S1), including the FA metabolic process, fatty-acyl-CoA metabolic
process, LCFA metabolic process and biosynthetic process, and LCFA and MCFA fatty-acyl-
CoA metabolic processes, and 34 DEPs (Table S2) were identified (Figure 1A). The heat map
and volcano plot showed that these proteins, including 14 DEPs for which expression was
downregulated and 20 for which expression was upregulated, were differentially expressed
between the Con/C and CM groups (Figure 1B,C). The Venn diagram further indicated that
only acyl-CoA thioesterase 7 (ACOT7) was shared among the six BPs (Figure 1D). ClueGO
results indicated that 13 of the 34 DEPs were directly related to five BPs, and ACOT7, an
important candidate DEP, participates in five BPs related to FA biosynthesis or metabolism.

Figure 1. Identification of candidate DEPs and BPs related to FA synthesis or metabolism based
on the GO enrichment data. (A) Candidate DEPs and BPs related to FA synthesis or metabolism.
(B) Heat map of 34 candidate DEPs. (C) Volcano plot of 34 DEPs, including 14 downregulated and
20 upregulated DEPs. (D) Venn diagram of candidate DEPs in six BPs. (E) Interactive relationship
analysis of candidate DEPs and BPs related to FA synthesis or metabolism using ClueGo.

38



Int. J. Mol. Sci. 2024, 25, 13046

2.2. Identification of Candidate DEPs Related to FA Synthesis or Metabolism in the Pathways

Pathways related to FA synthesis or metabolism and their associated DEPs were
identified according to a Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis of the DIA proteomic data (Figure 2). Four pathways (Table S3) fulfilling the p < 0.05
and p.adjust < 0.05 criteria were obtained (Figure 2A). The heat map and volcano plot
results showed that 21 DEPs (Table S4), including 11 for which expression was upregulated
and 10 for which expression was downregulated, were screened in the CM group after
overlapping them with recurrent DEPs (Figure 2B,C). The protein–protein interaction
(PPI) network suggested that four, six, twelve, and seven DEPs directly participate in
the four respective pathways (Figure 2D). Additionally, ACOT7 is involved in regulating
three identified pathways, namely the biosynthesis of unsaturated fatty acids (UFAs), FA
degradation, and FA elongation.

Figure 2. Identification of candidate DEPs and pathways related to FA synthesis or metabolism based
on pathway enrichment. (A) Candidate DEPs and pathways related to FA synthesis or metabolism.
(B) Heat map of 21 candidate DEPs. (C) Volcano plot of 21 DEPs, including 10 downregulated and
11 upregulated DEPs. (D) Interactive relationship analysis of candidate DEPs and pathways related
to FA synthesis or metabolism using ClueGo.
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2.3. Identification of Core DEPs Related to FA Synthesis or Metabolism Based on Conjoint Analysis
of BPs and Pathways

The core DEPs related to FA synthesis or metabolism in dairy cows with CM were iden-
tified based on the selected BPs and pathways using the conjoint analysis method (Figure 3).
A Venn diagram showed that 12 of the 43 candidate DEPs were co-expressed in six BPs
and four pathways involved in FA synthesis or metabolism (Figure 3A). Among the twelve
shared DEPs, expression levels of seven were upregulated and five were downregulated;
in particular, expression levels of carnitine O-palmitoyltransferase 1 (CPT1A), ACOT7, and
FASN exhibited changes that exceeded two fold (Figure 3B). The Sankey diagram showed
that ACOT7, as a core DEP, was associated with six BPs and the FA elongation pathway
(Figure 3C). The PPI network further indicated that ACOT7 was a core DEP that interacts
with other candidate DEPs and is involved in FA and mitochondrial energy metabolism
(Figure 3D).

Figure 3. Identification of core DEPs related to FA synthesis or metabolism based on BPs and
pathways. (A) Venn diagram of candidate DEPs among the merged BPs and pathways. (B) Relative
expression levels of 12 DEPs quantified by DIA proteomics; the y-axis represents the log2 (FC) values.
(C) Sankey diagram of the BPs, shared DEPs, and pathways related to FA synthesis or metabolism.
(D) Constructed PPI network of the shared DEPs using ClueGO.
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2.4. Morphological Observation and Distribution Analysis of ACOT7 in Bovine Mammary Tissue

H&E staining revealed an orderly arrangement of either columnar or cuboidal MECs
in the intact alveoli of the bovine mammary gland tissues of the Con group. In contrast,
epithelial cells that were detached from mammary tissue, along with predominant neu-
trophil infiltration in atrophied and deformed alveoli, were observed in the mammary
gland tissues of the CM group (Figure 4A). Immunohistochemistry staining (IHC) indi-
cated that ACOT7 was primarily expressed in the cytoplasm of MECs, with increased
positive staining observed in the CM group (Figure 4B). No positive ACOT7 staining was
observed in the negative control group (Figure 4C). The integrated optical density (IOD)
results indicated significantly upregulated expression of ACOT7 in the CM group (p < 0.01)
compared to that in the Con group (Figure 4D).

Figure 4. Distribution analysis of ACOT7 in mammary glands of the two groups. (A) Pathological
variation in bovine mammary glands of the healthy control group (Con/C; A1) and clinical mastitis
groups (CM; A2) based on H&E staining. (B) ACOT7 distribution in bovine mammary glands of
the Con/C (B1) and CM (B2) groups based on immunohistochemical staining. (C) Negative control
(NC) for Con/C (C1) and CM (C2) groups. (D) Gray values of positive expression of ACOT7 protein
quantified using ImageJ 1.44p software. Con/C, control group. CM, clinical mastitis group. NC,
negative control; MA: mammary alveoli; MECs, mammary epithelial cells; NEUT, neutrophil. Scale
bars, 50 μm (200× magnification). ** represents p < 0.01.

2.5. Co-Localization Analysis of ACOT7 Protein in Bovine Mammary Tissue

IF results revealed that nuclei labeled with 4′,6-Diamidino-2-phenylindole (DAPI)
appeared in alveoli with an orderly arrangement in the Con group, whereas irregular
alveoli were observed in the CM group (Figure 5A). The expression of Cytokeratin (CK)-18
protein, a marker of epithelial cells, showed a similar trend, especially with necrotic and
detached MECs present in the incomplete alveoli of the CM group (Figure 5B). Positive
fluorescence ACOT7 signals were also present in the MECs of the alveoli in both the Con
and CM groups, with different degrees of staining (Figure 5C). The co-localization results
suggested that CK-18 and ACOT7 were co-expressed in the cytoplasm of MECs (Figure 5D).
The IOD results of IF staining indicated significantly upregulated expression of ACOT7
in the CM group (p < 0.01) compared to that in the Con group (Figure 5E). These findings
suggest that co-localization of ACOT7 and CK-18 proteins are correlated with the MECs’
function and the occurrence of CM in dairy cows.
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Figure 5. Co-localization analysis of ACOT7 in mammary glands of the two groups. (A–D) Co-
localization analysis of ACOT7 in bovine mammary glands of the Con/C and CM groups: nuclei (blue,
A1,A2), CK-18 (red, B1,B2), ACOT7 (green, C1,C2), merged with CK18 and ACOT7 (D1,D2) staining,
respectively. (E) Positive IF signals of ACOT7 protein quantified using ImageJ software. Con/C,
control group. CM, clinical mastitis group. MA, mammary alveoli; MECs, mammary epithelial cells;
Scale bars, 50 μm (200× magnification). ** represents p < 0.01.

2.6. ACOT7 mRNA and Protein Expression Patterns in Bovine Mammary Tissue

The relative expression levels of ACOT7 mRNA and protein were evaluated in bovine
mammary tissues using qRT-PCR and Western blotting (Figure 6). Compared with that in
the Con group, the relative expression level of ACOT7 mRNA was significantly upregulated
in the mammary gland tissues of the CM group (Figure 6A). Moreover, ACOT7 protein
expression was present but different in each sample of the Con and CM groups (Figure 6B).
Results of the average IOD of each band showed that the relative expression level of ACOT7
in the CM group was significantly upregulated compared to that in the Con group (p < 0.01).
These findings suggest that the upregulation of ACOT7 expression is positively correlated
with the occurrence of CM in dairy cows.

 
Figure 6. Expression patterns of ACOT7 mRNA and protein in mammary glands of the two groups.
(A) Relative expression level of ACOT7 mRNA, monitored via qRT-PCR assays. (B) Protein bands and
relative expression level of ACOT7, monitored via Western blot assays and using ImageJ software,
respectively. Con/C, control group. CM, clinical mastitis group. Data are presented as means ± SEM.
** represents p < 0.01.
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3. Discussion

Studies have indicated rapid energy metabolism in dairy cows in peak lactation or
high-milk-yield stages, which prioritizes the mobilization of body fat [22,23]. The catabolism
of FAs (i.e., beta-oxidation) not only provides energy to the body but also generates a series
of metabolites with important roles in transcriptional control and cell signaling [24]. Some
specific FA metabolites (i.e., SCFAs and n-3 polyunsaturated FAs) have anti-inflammatory ef-
fects, whereas others (i.e., LCFAs) promote inflammatory responses [25,26]. The unbalanced
production of various FAs or overburdened lipid mobilization in FA metabolism causes
a negative energy balance and/or disproportional energy metabolism. These metabolic
disturbances impair immune function, reduce fertility and milk production, and ultimately
decrease the economic benefits associated with dairy cows affected by mastitis [9]. En-
zymes associated with FA metabolism and their metabolites are closely associated with FA
lipolysis and synthesis in cow mastitis [2,4]. This study offers novel insights by identifying
ACOT7 as a key enzyme that connects fatty acid metabolism to inflammation, thereby
addressing a significant gap in the literature concerning its role in dairy cows with mas-
titis. However, the systematic exploration of using enzymes or proteins to elucidate this
relationship requires further refinement.

In the present study, candidate DEPs related to FA synthesis or metabolism were
screened based on GO terms and pathways in the DIA proteomic data generated from the
mammary gland tissues of lactating Holstein cows with or without CM. Six BPs involving
34 DEPs and four pathways involving 21 DEPs related to FA synthesis and metabolism
were identified. Among the DEPs, eight were enriched in three long-chain FA metabolic pro-
cesses, and seven of the eight were involved in the FA metabolic process, especially ACOT7,
indicating that LCFA metabolic processes are associated with the onset and progression of
CM in dairy cows. LCFAs cause significant changes in the blood and milk samples of cows
with CM, which could be related to the inflammatory response, metabolic status, and milk
fat composition [27,28]. LCFAs are organic compounds that support various biological
processes and maintain homeostasis [29]. For example, lauric acid, palmitic acid, and stearic
acid are LCFAs that can promote persistent inflammation and induce Cyclooxygenase-2
(COX-2) expression through a nuclear factor kappa-B (NF-κB)-dependent mechanism in
macrophages [14]. Further, SFAs are crucial components of bacterial endotoxins and can
indirectly stimulate TLR-dependent signaling [30–32], which is also the main mechanism
through which pathogenic bacteria infect the mammary tissue during the occurrence of
cow mastitis. In addition, the identified pathways, including FA biosynthesis, metabolism,
degradation, and elongation, are indispensable for FA metabolism. Previous studies have
suggested that FASN in FA biosynthesis [33], CPT1A in FA metabolism [34], ACSLs in FA
degradation [35], and very-long-chain enoyl-CoA reductase (TECR) in FA elongation are
associated with the development of cow mastitis [36]. A further bioinformatic analysis
indicated that LCFA metabolic pathways have a direct relationship with ACOT7 expression,
suggesting that ACOT7 might influence the development of CM through its role in FA
synthesis or metabolism.

ACOT7, a predominant member of the ACOT family, is an extensively studied protein
that regulates the intracellular levels of FAs, acyl-CoA, and coenzyme A by catalyzing the
hydrolysis of acyl-CoA to produce free fatty acids (FFAs) and coenzyme A [18]. By regulat-
ing the cell cycle, ACOT7 drives the development of mammary gland diseases; moreover,
ACOT7 specifically hydrolyzes arachidonoyl-CoA to release arachidonic acid [18,19], un-
derscoring its close association with LCFAs. In mouse macrophages, LPS-induced ACOT7
mRNA expression is mediated by the TLR4-Myeloid Differentiation Primary Response
88 (MyD88) pathway, underscoring its role in inflammation. Similarly, ACOT7 plays a
critical role in neurotoxicity prevention by modulating neuronal fatty acid metabolism,
thus providing protection to the nervous system [37]. These studies highlight the broad
physiological functions of the ACOT7 family in fatty acid metabolism and inflammation,
suggesting their potential involvement in various inflammatory conditions. These findings
bear similarities to our results; however, reports on the involvement of ACOT7 in CM
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development through fatty acid pathways in Holstein cows are limited. In this study, DIA
proteomic results indicated high ACOT7 expression in the CM group and suggested that it
participates in the regulation of FA elongation and UFA biosynthesis, which is consistent
with the mRNA and protein expression findings. The elevated expression of ACOT7 may
represent an adaptive response in dairy cows during lactation, a period of negative energy
balance, where it increases the release of free fatty acids for β-oxidation to meet the energy
demands. The biosynthesis of UFAs is closely related to LCFA elongation. In addition,
these processes function together in multiple organisms to produce FAs of varying lengths
and saturation levels, such as polyunsaturated fatty acids [38], which are involved in the
regulation of inflammatory responses [27] and antibacterial activity [39], and influence
gene expression and the gut microbiota [40] in dairy cows with mastitis. Co-localization
results also confirmed that ACOT7 was predominantly expressed in the cytoplasm of MECs.
These findings suggest that high ACOT7 expression in CM affects FA metabolism, leading
to the decomposition of long-chain acyl-CoA and the release of FFAs that stimulate TLR4
receptor signaling, thereby influencing the onset of CM in dairy cows [14].

Based on these experimental results and previous research, we propose a potential
mechanism underlying the role of ACOT7 in CM (Figure 7). Specifically, ACOT7 hydrolyzes
long-chain acyl-CoA to acetyl-CoA in the endoplasmic reticulum, thereby promoting LCFA
synthesis [41]. These FAs are transported to the extracellular space and bloodstream by
FA transport proteins (FATPs) and FA-binding proteins (FABPs) [42,43]. This process
activates the TLR4 pathway, triggers NF-κB signaling cascades, and ultimately promotes
the expression and release of inflammatory factors, such as TNF-α and IL-1β, thereby
enhancing the inflammatory response. However, this study still has certain limitations,
and validated assays based on results at the cellular and animal level need to confirm this.
Addressing these aspects would enhance the credibility of the interpretations. Nevertheless,
we systematically identified candidate DEPs related to FA synthesis or metabolism that
contribute to the onset and progression of CM in dairy cows, providing new insights into the
prevention and treatment of mastitis in dairy cows. In addition to the fundamental findings
on the role of ACOT7 and fatty acid metabolism in CM, this study holds significant practical
implications for dairy farming. Moreover, the findings on ACOT7 provide a theoretical
basis for the identification of new drug targets and potential biomarkers for CM.

 

Figure 7. Proposed molecular mechanism underlying the effects of ACOT7 in the mammary glands
of dairy cows with clinical mastitis (CM). MECs, mammary epithelial cells; FABP, fatty-acid-binding
protein; FATP, fatty acid transport protein; TLR4, Toll-like receptor 4; TNF-α, tumor necrosis factor-α;
IL-1β, interleukin-1β; LPS, lipopolysaccharide. Scale bar, 50 μm (200× magnification).
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4. Materials and Methods

4.1. Tissue Sample Preparation

The lactating Holstein cows utilized in the present study were randomly selected from
a commercially managed dairy farm in Wuzhong City (Ningxia Hui Autonomous Region,
China). Veterinary clinical diagnoses and milk tests, including somatic cell count (SCC)
and the Lanzhou Mastitis Test (LMT), were performed as previously described [44,45].
Holstein cows without typical clinical changes, with an SCC of 7 × 104–1 × 105 cells/mL
and a negative LMT, were classified as the 3 healthy control group (Con/C). In contrast,
Holstein cows with typical disease signs, an SCC of 1 × 105–15 × 105 cells/mL, and a
positive LMT were assigned to the CM group. To ensure similarity in age, parity, body
condition (aged 5–7 years, 3rd to 5th lactation, 60–250 days in milk), and the absence of
other diseases, cows in the Con/C and CM groups (n = 3 per group) were transported to
the slaughterhouse, where mammary gland samples were collected after slaughter. The
tissues were immediately fixed in 4% paraformaldehyde, or promptly frozen in liquid
nitrogen, and stored at −80 ◦C in the laboratory. This study was approved by the Ethics
Committee of Gansu Agricultural University (No. GSAU-AEW-2018-0128).

4.2. Bioinformatic Analysis

GO and KEGG annotations were performed based on DIA proteomic sequencing data
from mammary gland samples from the Con/C and CM groups of Holstein cows (accession
number: IPX0003382000/PXD028100). A bioinformatic analysis was conducted to identify
GO categories, KEGG pathways, and DEPs related to FA synthesis or metabolism, with
significance set at p < 0.05 and p.adjust < 0.05. Venn diagrams, enrichment circle plots,
heat maps, and volcano plots were created using R language and the OmicShare online
platform (http://www.omicshare.com/tools, accessed on 20 February 2024) [45]. PPI
networks were constructed to screen the potential candidate functional DEPs related to FA
synthesis or metabolism using STRING v12.0 (EMBL, Heidelberg, Germany), Cytoscape
3.10.0 (Cytoscape Consortium, La Jolla, CA, USA), and ClueGO 2.5.10 software (Cytoscape
Consortium, La Jolla, CA, USA). The potential mechanisms associated with the candidate
DEPs were predicted through KEGG analysis and a literature review, and mechanistic
diagrams were created using Adobe Illustrator 2022 (Adobe, San Jose, MA, USA) and
MedPeer 2.4.241127 (MedPeer®, Beijing, China).

4.3. Histochemistry Staining

Fixed mammary gland tissues were processed using standard paraffin (Solarbio, Bei-
jing, China)-embedding techniques and sectioned into 5 μm thick slices using a microtome
(Leica, Wetzlar, Germany), as described previously [45]. H&E staining was performed as
previously described [45,46]. Briefly, after deparaffinization in xylene and dehydration in a
gradient of ethanol, the slices were stained using an H&E staining solution kit (Servicebio,
Wuhan, China). The slices were examined and imaged using an optical microscope and
imaging system (Nikon, Tokyo, Japan). Six fields from each view were randomly selected
for each sample.

4.4. Immunohistochemistry Staining (IHC)

After deparaffinization and hydration, slices were subjected to antigen retrieval using
sodium citrate (Servicebio, Wuhan, China). Endogenous catalase was deactivated and
blocked using 3% H2O2 and 10% donkey serum, respectively (Solarbio, Beijing, China).
The slices were incubated with a rabbit anti-ACOT7 primary antibody at a 1:200 dilution
(Proteintech, Wuhan, China). Secondary antibody incubation and chromogenic reactions
were performed using an StreptAvidin–Biotin Complex (SABC) staining kit (Boster, Wuhan,
China) and a 3-diaminobenzidine (DAB) substrate kit (Solarbio, Beijing, China), as de-
scribed previously [46]. Phosphate-Buffered Saline (PBS) was used instead of primary
antibodies in the NC group. The sections were examined and imaged using a Zeiss LSM 800
confocal microscope (Carl Zeiss, Oberkochen, Germany). Ten random fields of view were
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selected for each section. ImageJ 1.44p software (National Institutes of Health, Rockville,
MD, USA) was used to measure the average positive expression in each field, and the
relative expression levels were analyzed. All immunostaining assays and measurements
were performed in triplicate.

4.5. Immunofluorescence Staining (IF)

The blocked slices were incubated with rabbit anti-CK-18 and rabbit anti-ACOT7
primary antibodies (1:100; Proteintech, Wuhan, China), as described previously [46]. The
slices were incubated with fluorescent secondary antibodies with different labels (1:350 di-
lution; Alexa Fluor® 488 for ACOT7 and Alexa Fluor® 647 for CK-18, Proteintech, Wuhan,
China), as described previously [46]. The nuclei were stained with 0.5 μg/mL DAPI (Solar-
bio, Beijing, China). Finally, the sections were observed and imaged using an Echo-Labs
upright/inverted fluorescence microscope and imaging system (Olympus, Tokyo, Japan).
The positive IF signals were measured using ImageJ software, as described in IHC staining.
All staining assays and measurements were performed in triplicate.

4.6. RNA Extraction, cDNA Synthesis, and qRT-PCR Detection

Total RNA was extracted from the tissues (20 mg of each tissue sample frozen at
−80 ◦C) of the Con/C and CM groups using the FastPure RNA isolation kit (Vazyme,
Nanjing, China), RNA quantification was performed using a NanoDrop-8000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA), and RNA integrity was evaluated
through 1% denaturing formaldehyde agarose gel electrophoresis. And, a 500 ng RNA
sample was used for complementary DNA (cDNA) synthesis using the BioTeke Thermo
RT Kit (BioTeke, Beijing, China) according to the manufacturer’s instructions, as previously
described [45,47]. Primers for bovine β-actin and ACOT7 (Table S5) were designed using
Primer Premier 5.0 software (PREMIER Biosoft, San Francisco, CA, USA) and synthesized
by Qingke Biological Technology Co., Ltd. (Shanxi, China). A qRT-PCR was performed
using cDNA as the template, as previously described [46]. The relative expression lev-
els of β-actin were taken as the internal control. The results were calculated using the
2−ΔΔCt method. All qRT-PCR assays were performed at least in triplicate.

4.7. Western Blotting

Total protein was isolated from the tissues (100 mg per sample stored at −80 ◦C) of
the Con and CM groups using a Radioimmunoprecipitation Assay (RIPA) kit (Solarbio,
Beijing, China) and quantified using a Bicinchoninic Acid Protein Assay (BCA) kit (Solarbio),
according to the manufacturer’s instructions. Total proteins (50 μg) were used to detect the
expression levels of ACOT7 with a 1:800 dilution ratio, and β-actin with a 1:4500 dilution ra-
tio (Bioss, Beijing, China), in the Con/C and CM groups, as described previously [45,47]. The
bands were visualized using Enhanced Chemiluminescence (ECL) (Solarbio, Beijing, China)
and analyzed using ImageJ. All immunoblot assays were performed at least in triplicate.

4.8. Statistical Analysis

Statistical analysis was performed using SPSS 23.0 (SPSS Inc., Chicago, IL, USA).
Data are expressed as means ± standard deviations (X ± SD), unless otherwise stated.
Comparisons between groups were performed using the least significant difference test,
whereas multiple group comparisons were performed via one-way ANOVA. Statistical
significance was set at p < 0.05. Graphs were created using GraphPad Prism 8.0.2 (GraphPad
Software Inc., San Diego, CA, USA).

5. Conclusions

Based on DIA proteomics data, we identified 34 DEPs associated with six BPs, and four
pathways involving 21 DEPs related to fatty acid metabolism and synthesis. Some DEPs
such as CPT1A, FASN, and TECR regulate fatty acid metabolism and CM development
by modulating pathways such as fatty acid β-oxidation, the fatty acid metabolic process,
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and the long-chain fatty-acyl-CoA metabolic process. Crucially, comprehensive analysis
indicates that ACOT7 functions as a key enzyme potentially involved in the pathogenesis
of CM in dairy cows via fatty acid metabolic pathways. Furthermore, IHC and IF staining
demonstrated that ACOT7 was primarily localized in the MECs of dairy cows. Notably,
compared to the Con/C group, the ACOT7 mRNA and protein levels were significantly
upregulated in the mammary glands of the CM group. Therefore, this study proposes
a mechanism of ACOT7, which may contribute to the development of CM. Combining
proteomics could help define the function of ACOT7 in CM, shedding light on its potential
as a predictive biomarker or even a therapeutic target for novel CM treatment strategies
using knockout models, and providing a theoretical foundation for further investigation
into the physiological roles of fatty acids in the mammary tissues of dairy cows.
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Abstract: Embryonic stem cells are crucial for studying developmental biology due to their self-
renewal and pluripotency capabilities. This research investigates the differentiation of mouse ESCs
into adipocytes, offering insights into obesity and metabolic disorders. Using a monolayer differ-
entiation approach over 30 days, lipid accumulation and adipogenic markers, such as Cebpb, Pparg,
and Fabp4, confirmed successful differentiation. RNA sequencing revealed extensive transcriptional
changes, with over 15,000 differentially expressed genes linked to transcription regulation, cell cycle,
and DNA repair. This study utilized Robust Rank Aggregation to identify critical regulatory genes
like PPARG, CEBPA, and EP300. Network analysis further highlighted Atf5, Ccnd1, and Nr4a1 as
potential key players in adipogenesis and its mature state, validated through RT-PCR. While key
adipogenic factors showed plateaued expression levels, suggesting early differentiation events, this
study underscores the value of ESCs in modeling adipogenesis. These findings contribute to our
understanding of adipocyte differentiation and have significant implications for therapeutic strategies
targeting metabolic diseases.

Keywords: adipogenesis; embryonic stem cells; transcriptomics; robust ranking aggregation

1. Introduction

Embryonic stem cells (ESCs) possess remarkable self-renewal and pluripotency ca-
pabilities, making them invaluable tools for developmental biology and regenerative
medicine [1]. ESCs can differentiate into various cell types, offering insights into lineage
commitment and the molecular underpinnings of development. One crucial differentiation
pathway is adipogenesis, the process through which preadipocytes mature into adipocytes,
which is essential for understanding obesity, metabolic disorders, and potential therapeutic
avenues for adipose-tissue-related conditions. Adipogenesis has been extensively studied
in various cell models, including preadipocyte cell lines (e.g., 3T3-L1) [2], mesenchymal
stem cells (MSCs) [3], and embryonic fibroblasts [4,5]. However, using ESCs to study adi-
pogenesis offers distinct advantages. ESCs provide a more physiologically relevant model
for early development and differentiation processes, enabling researchers to investigate
the initial stages of adipocyte lineage commitment and the factors influencing this process
from a pluripotent state [6]. This can lead to a deeper understanding of the molecular
mechanisms underlying adipogenesis and the potential discovery of novel regulatory
pathways [6].

Mouse ESCs, derived from the inner cell mass of blastocysts, have the unique ability
to proliferate indefinitely while maintaining the potential to differentiate into all three
germ layers [1,7,8]. This pluripotency is regulated by a network of transcription factors,
including Oct4, Sox2, and Nanog, which maintain the undifferentiated state and prevent
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lineage-specific gene expression [9,10]. The differentiation of ESCs into specific cell types
involves complex signaling pathways and epigenetic modifications, making them an
ideal model for studying early developmental processes [11,12]. Recent advancements
in RNA sequencing have further elucidated the heterogeneity and plasticity within ESC
populations, highlighting subpopulations with distinct differentiation potentials. These
findings underscore the dynamic nature of ESCs and the intricate regulatory networks
governing their pluripotency and differentiation [13]. ESC has been utilized in various
studies due to its capability to differentiate in vitro into various generic specialized cell
types, including neurons [14], blood vessels [15], hepatocytes [16], and osteocytes [17].
In addition to cell types, several studies have utilized ESC differentiation to understand
adipogenesis [6,18–20].

Adipogenesis is a highly regulated process that plays a critical role in energy homeosta-
sis and metabolism. It involves the conversion of mesenchymal stem cells or preadipocytes
into mature adipocytes characterized by lipid accumulation and the expression of adi-
pogenic markers, such as PPARγ and C/EBPα [21,22]. Key signaling pathways involved
in adipogenesis include the Wnt/β-catenin pathway, the insulin signaling pathway, and
the BMP signaling pathway, all of which contribute to the regulation of adipocyte dif-
ferentiation and function [22–24]. Recent studies have identified additional molecular
regulators of adipogenesis, such as miRNAs and long non-coding RNAs (lncRNAs), which
modulate gene expression and cellular function during adipocyte differentiation [25,26].
Dysregulation of adipogenesis is associated with metabolic disorders, including obesity,
insulin resistance, and type 2 diabetes [22,27,28]. Therefore, understanding the molecular
mechanisms governing adipogenesis is of great importance for developing therapeutic
strategies to combat these conditions. Given the complexities of these metabolic conditions
as well as the dynamical nature of adipogenesis, global genome, specifically transcriptional,
changes can occur. Therefore, investigating the transcriptomic changes during the differen-
tiation of ESCs into adipocytes offers valuable insights into the fundamental processes of
cell fate determination and tissue development. From a clinical perspective, this knowledge
can inform the development of regenerative therapies and interventions for metabolic
diseases. By elucidating the key regulatory networks and signaling pathways involved
in adipogenesis, researchers can identify potential targets for therapeutic intervention
and enhance our understanding of adipose tissue biology [22,29,30]. For instance, the ad-
vent of CRISPR/Cas9 genome editing technology has revolutionized functional genomics,
allowing for the precise manipulation of genes involved in adipogenesis. This technol-
ogy enables the identification and validation of novel adipogenic regulators, providing
deeper insights into the genetic and epigenetic control of adipocyte differentiation [31,32].
However, current approaches address computational/algorithmic analysis within gene
expression changes, such robust ranking aggregation (RRA) [33].

This study employs RRA to analyze the transcriptomic data obtained from mouse
ESCs undergoing adipogenesis. RRA is a powerful statistical method designed to identify
differentially expressed genes with high confidence, even in the presence of noise and
variability [33]. By ranking genes based on their expression changes across multiple con-
ditions, RRA provides a robust framework for identifying key regulatory elements and
pathways involved in adipocyte differentiation. This approach is particularly beneficial
for understanding the dynamic and complex nature of gene expression during cellular
differentiation [34]. RRA has been successfully applied in various fields of biomedical
research, demonstrating its utility in integrating heterogeneous datasets and identifying
robust biomarkers and therapeutic targets [35,36]. By leveraging the power of RRA, this
study aims to provide a comprehensive analysis of the transcriptomic changes during
ESC-to-adipocyte differentiation, revealing either critical regulatory genes and/or novel in-
sights. This knowledge can have significant implications for both basic biology and clinical
applications, offering potential avenues for therapeutic interventions in metabolic disorders
and advancing our understanding of adipose tissue development and fat differentiation.
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2. Results

2.1. Capacity of Mouse ESC (mESC::HB9::GFP) to Differentiate into Adipogenic-like Features

To comprehend the capability of ESC to differentiate into adipogenic-like features, the
mESC::hb9::GFP cell line, a well-established motor neuron progenitor cell line [37], was
used in this study. Based on previous studies [19,20], a monolayer experimental layout
designed was performed, encompassing a period of 25 days with or without adipogenic
differentiating factors followed by 5 days with serum-free medium (Figure 1A). On day
30, non-differentiating media did not show signs of lipid formation, whereas in the dif-
ferentiation media condition there was more lipid formation present, as evidenced by O
Red Oil staining (Figure 1B). Furthermore, quantification of lipid particles was observed
to be statistically significant (Figure 1C). To make in-depth observations at the molecular
level, specific gene markers were tested, including pluripotent stem cell marker Oct4 [19],
adipogenic transcription markers Cebpb and Pparg, and mature adipose marker Fabp4 [4,5].
The pluripotent stem cell marker Oct4 was significantly downregulated at day 30 under dif-
ferentiating and non-differentiating conditions as opposed to day 0 (Figure 1D). Meanwhile,
when comparing the adipogenic markers at day 30 (differentiation/non-differentiation),
there was a slight increase in the transcriptional markers Cebpb and Pparg and a significant
increase in the mature adipose tissue marker Fabp4. Collectively, these observations suggest
that adipogenesis progressed throughout this experimental layout.

2.2. RNA-Seq Correlation Analysis Displays Global Differential Gene Expression between
Differentiating and Non-Differentiating Conditions

To obtain insight into the global transcriptome profile changes between conditions at
the beginning timepoint of day 0 and the end of the experiment at day 30, RNA-Seq was
performed on RNA samples from day 0 (D0), day 30 non-differentiating condition (D30(−)
or D30min), and day 30 differentiating condition (D30(+) or D30 pos).

The correlation analysis displayed variable changes between all three conditions
(Figure 2A,B). As illustrated in the principal component analysis, the main factor of this
was driven by time, followed by the conditions, with PC1 at 80% and PC2 at 19% (Figure 2A).
This has also been reaffirmed accordingly in the distance heatmap (Figure 2B). Due to this,
differentially expressed genes (DEGs) were investigated mainly according to the condition
over time (i.e., D30(+)/D0 and D30(−)/D0).

To isolate relevant DEGs, a statistical cut-off of P-adj < 0.05 was set for both D30(−)/D0
and D30(+)/D0 (Figure 2C,D). Based on this cut-off, there were 15,180 and 15,016 DEGs
identified in D30(−)/D0 and D30(+)/D0, respectively. These genes were further investi-
gated via gene ontology enrichment analysis, specifically at the biological process’s levels
(Figure 2E,F; Supplementary File: Tables S1 and S2). In the differentiation condition of
D30(+)/D0, there were several processes that are involved in molecular and transcrip-
tion regulation as well as DNA damage response and the cell cycle (GO:0045944~positive
regulation of transcription from RNA polymerase II promoter, GO:0007049~cell cycle,
GO:0006281~DNA repair) (Figure 2E; Table S1). Likewise, these terms were also observed
in the non-differentiation condition of D30(−)/D0 (Figure 2F; Table S2). Therefore, this
suggests that the highest impact of change is focused on transcriptional mechanisms, which
may display changes in gene expression between the conditions.

2.3. Isolation of Adipose Tissue, Lipid, and/or Fat-Related DEG Genes and Their Expression

To specify the previous DEG list into specific terms related to regulatory features
of adipogenesis, terms were further filtered into “adipose tissue”, “lipids”, and/or “fat”
(Figure 3). In (+)/D30 and D30(−)/D0 conditions, there were several terms related to
the features of adipose tissue; however, only with the statistically significant enrichments
were GoTerms further investigated. Commonly, in both conditions, these included lipid
metabolic process, fat cell differentiation, and the fatty acid metabolic process (Figure 3A,B;
Tables S3 and S4).
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Figure 1. (A) Schematic experimental workflow of mouse ESC undergoing adipogenic differentiation
with specified phase timepoints. Relevant brightfield images are presented at the indicated timepoints.
RNA (in red) was collected at the indicated timepoint. (B) Oil Red O staining in non-differentiating
(day 30(−)) and differentiating (day 30(+)) conditions; white bar scales to 100 um. (C) Spectrometry of
lipid triglyceride particle isolates formed by staining at an optical density (O.D) of 500 nm; values are
normalized to D30(−) (n = 3; ** p-Value < 0.01). (D) RT-PCR quantification of the relevant biomarkers,
including Oct4, Cebpb, Pparg, and Fabp4. Apart from Oct4, which was normalized to the beginning
timepoint (D30(−)/D0 and D30(+)/D0), the remaining genes were normalized based on the condition
(D30(+)/D30(−)); all genes were run in triplicates, as indicated.
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Figure 2. (A) Principal component analysis (PCA) of conditions D0, D30(−), and D30(+) with tight
clustering of three biological replicates displaying the highest variance at 80% (PC1) followed by
19% (PC2). (B) Metric distance heatmap displaying the variance as observed in the previous PCA.
(C) Volcano plot representation of DEGs in D30(+)/D0 and (D) D30(−)/D0 (y-axis: normalized
statistical significance at −log10(P-adj); x-axis: normalized fold change of gene expression at log
2(Fold Change); the vertical line represents the cut-off of P-adj < 0.05, whereas the horizontal line
represents the fold change at 0). (E) GoTerm enrichment analysis of top 10 biological processes
in D30(+)/D0 and (F) D30(−)/D0. Enrichments are based on false dependent rate (FDR) values
normalized with −log10(FDR).
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Figure 3. (A) GoTerm enrichment analysis of top 5 biological processes in (+)/D0 and (B) D30(−)/D0
filtered for “adipose”, “lipid”, and/or “fat” terms. Enrichments are based on the false depen-
dent rate (FDR) values normalized with −log10(FDR). (C) Venn diagram comparing DEGs of the
term GO:0045444~fat cell differentiation displaying common and unique genes in D30(−)/D0 and
(+)/D0. (D) List of DEGs that are common between D30(−)/D0 and (+)/D0 or uniquely expressed
in either D30(−)/D0 or (+)/D0. (E) A metric heatmap displaying expression patterns of each repli-
cate in conditions D0, D30(−), and (+) of the common DEG genes identified in GO:0045444~fat
cell differentiation. The heatmap is scaled to a log2 count per million [log2cpm] and a Z-Score
(blue = downregulation, red = upregulation).
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More specifically, the top 5 (among 36 enriched terms) enriched terms in (+)/D30 DEGs
included GO:0006629~lipid metabolic process (517 genes), GO:0045444~fat cell differentiation
(80 genes), GO:0006631~fatty acid metabolic process (145 genes), GO:0008654~phospholipid
biosynthetic process (52 genes), and GO:0015012~heparan sulfate proteoglycan biosynthetic
process (27 genes) (Figure 3A; 3S). However, the list included GO:0050873~brown fat cell
differentiation (35 genes), GO:0019915~lipid storage (27 genes), GO:0045600~positive
regulation of fat cell differentiation (42 genes), GO:0050872~white fat cell differentiation
(21 genes), and GO:0060612~adipose tissue development (38 genes) (Table S3).

In D30(−)/D0, the top 5 (among 31 enriched terms) included GO:0006629~lipid
metabolic process (534 genes), GO:0045599~negative regulation of fat cell differentiation
(45 genes), GO:0006635~fatty acid beta-oxidation (47 genes), GO:0045444~fat cell differenti-
ation (76 genes), and GO:0006631~fatty acid metabolic process (142 genes) (Figure 3B). How-
ever, the list included GO:0045165~cell fate commitment (60 genes), GO:0048665~neuron
fate specification (22 genes), GO:0045600~positive regulation of fat cell differentiation
(41 genes), GO:0060612~adipose tissue development (38 genes), and GO:0090336~positive
regulation of brown fat cell differentiation (15 genes) (Table S4).

Even though there are variable enrichment terms between both conditions, DEGs in
GO:0045444~fat cell differentiation were further investigated to delineate a common list
(Figure 3C,D). There were 69 common genes that were differentially expressed between
(+)/D0 and D30(−)/D0 (Figure 3C,D). Meanwhile, 11 and 7 genes were shown to be
uniquely differentially expressed in (+)/D0 and D30(−)/D0, respectively (Figure 3C,D).
The unique genes in (+)/D0 included Ankrd26, Srebf1, Arl6, Glis1, Dysf, Retn, Clip3, Arid5b,
Runx1t1, Gm6484 (Angptl8), and Bns4 (Figure 3D), whereas in D30(−)/D0 the unique genes
included Cby1, Klf4, Jdp2, Smad6, Med1, Adgrf1, and Ap1s2 (Figure 3D).

The expressions of common DEGs shared between (+)/D0 and D30(−)/D0 were
further investigated (Figure 3E). The heatmap revealed variable expression-pattern levels
among conditions based on the scaled level. For instance, there were exclusive upregulation
expressions of genes in the (+) condition, which included Atf5, Id4, Fbxo9, and Nr4a1. As
opposed to this, there were exclusive upregulation expressions in D30(−), such as Ffar4
and Ccnd1. In addition to these observations, there were several genes that were observed
to be downregulated in (+), including Ep300, Socs7, Aloxe3, Senp2, Osbpl11, and Wnt3a. The
remaining genes were observed to be differentially upregulated in both (+) and D30(−) as
opposed to D0.

2.4. Network Analysis of Common DEGs and RRA

To further decipher the identified common DEGs of (+)/D0 and D30(−)/D0, a protein-
to-protein interaction (PPI) was constructed (Figure 4A). The aim of this construct was
to identify the centrality between the protein products of DEGs and therefore gain in-
sight into their biological and/or molecular roles. Based on this, the construct identified
43 proteins that are interconnected with other proteins (Figure 4B). PPARG showed the
highest centrality by having 18 node degrees, whereas CEBPA and CEBPB were ranked
fourth (11 node degrees) and fifth (10 node degrees), respectively (Figure 4B). EP300 was
ranked second with 14 node degrees, whereas GSK3B and CCND1 were ranked third with
12 node degrees. Interestingly, FFAR4 was ranked twelfth with two node degrees, whereas
ATF5 was ranked eleventh (three node degrees) and NR4A1 was ranked seventh (seven
node degrees), along with WNT10B. Lastly, ID4 was observed to be ranked 13 with a node
degree of one.

To further identify and rank these DEGs based on changes in expression across con-
ditions (+)/D0 and D30(−)/D0 data, RRA was applied after eliminating all proteins that
had a node degree less than one (Figure 4C). The lower RRA score indicates that a gene
consistently appears at top rank lists across the datasets, whereas a higher RRA score indi-
cates that a gene less consistently appears to the top rank across the datasets (Figure 4C).
The top-ranked genes identified were Cntnap2 and Wnt3a with a shared score of 41. This is
followed by Bbs9 (score = 40), Cntn2 (score = 39) and Senp2 (score = 37). Interestingly, Ep300
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was also observed at a score of 37, followed by Atf5 at a score of 36. For the remaining
genes with variable expression patterns observed previously, Nr4a1 scored 33, Id4 scored
30, Ccnd1 scored 26, and Ffar4 scored 23. As for the known adipogenic markers, Cebpb was
observed to have a score of 15, Cebpa scored 14, Cebpd scored 11, and Pparg scored 8.

Figure 4. (A) A PPI interaction network (based on STRING and modified via Cytoscape) displaying
interactions among the protein products of common DEGs identified previously. (B) Chart showing
centrality by node degrees, where the higher the node the more central it is to the whole network.
(C) Robust Rank Aggregation (RRA) score chart demonstrating the significant expression of DEGs in
the (+)/D0 and D30(−)/D0 dataset. The lower the score, the higher the biological significance and
effect.

2.5. Expression and RT-PCT Validation of Atf5, Ccnd1, and Nr4a1:

To validate some of the genes that showed interesting expression patterns, RT-PCR was
utilized to validate Atf5, Ccnd1, and Nr4a1 (Figure 5). Firstly, in silico data were visualized
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of each gene, which corresponded to the expression observed in the heatmap. It showed
upregulation of genes Atf5 (Figure 5A—left panel) and Nr4a1 (Figure 5C—left panel) in
(+) as opposed to D30(−). Conversely, Ccnd1 was observed to be downregulated in (+)
as opposed to D30(−) (Figure 5B—left panel). RT-PCR showed significant upregulation
of Atf5 (Figure 5A—right panel) and Nr4a1 (Figure 5C—right panel) in (+) as opposed
to D30(−). Meanwhile, RT-PCR showed significant downregulation of Ccnd1 in (+) as
opposed to D30(−) (Figure 5B—right panel). Collectively, RT-PCR results corresponded
well with the datasets.

 
Figure 5. (A) Left panel: boxplot Atf5 expression based on the RNA-Seq data. Right panel: RT-PCR
of gene Atf5 displaying mRNA expression levels (n = 3; * p-Value < 0.05). (B) Left panel: boxplot
Ccnd1 expression based on the RNA-Seq data. Right panel: RT-PCR of gene Ccnd1 displaying mRNA
expression levels (n = 3; ** p-Value < 0.01). (C) Left panel: boxplot Nr4a1 expression based on the
RNA-Seq data. Right panel: RT-PCR of gene Nr4a1 displaying mRNA expression levels (n = 3;
* p-Value < 0.05).
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3. Discussion

ESCs offer a unique platform to investigate adipogenesis, providing insights into early
developmental processes and regulatory mechanisms governing cell fate determination [22].
In this study, the adipogenic dynamical potential of mouse ESCs was explored using the
computational approach of RRA. Applying this approach identified several key genes that
would be characterized features of adipogenesis and/or mature adipose tissue.

The protocol approached in this study uses previous studies [6,18–20] that utilize
ESC to understand adipogenesis. Although there are several approaches, the monolayer-
directed differentiation was employed with the potential of collecting secreted material from
formed adipocytes. This involved the exposure of attached EBs with soluble differentiating
factors for a fixed period followed by incubation under low- to no-growth medium, such as
serum-free medium. However, the main question at hand would be whether this reverses
adipocyte differentiation or halts it, which remains unknown. Yet our findings demonstrate
that under this approach, the mouse ESCs exhibited significant adipogenic-like features.
This was characterized by lipid accumulation and upregulation of known adipogenic
markers, including Cebpb, Pparg, and Fabp4 in the differentiating condition as opposed to
the non-differentiating condition. Indeed, the expression of this gene might be indicative of
cell specification, especially as Oct4, one of the stem cell markers, was observed to decrease
in both differentiating and non-differentiating conditions. Therefore, these observations
underscore the robustness of ESCs as a model system for studying adipocyte differentiation
from a pluripotent state. Comparative analysis with existing adipogenesis models, such as
mesenchymal stem cells (MSCs) and preadipocyte cell lines, reveals distinct advantages of
using ESCs. ESCs offer a more physiologically relevant model for early adipogenic events,
enabling the study of initial lineage commitment and regulatory mechanisms not fully
accessible in other systems.

Due to the dynamical transcriptional nature of adipogenesis at global genomic level,
it was necessary to observe profile changes across the conditions. Bulk-RNA-Seq analysis
in this study revealed substantial alteration in gene expression profiles over the period of
30 days. This is consistent with previous studies, which utilized next-generation sequenc-
ing approaches to understand adipogenesis [19,22,38–40]. However, most of these studies
use mature sources of adipogenesis, whereas this study utilizes an earlier phase of cell
commitment and specificity, thereby highlighting the benefit of studying adipocyte differen-
tiation from ESCs. This study demonstrated the expression of over 15,000 genes that were
involved in transcriptional regulation, cell cycle modulation, and DNA repair. Furthermore,
the enrichment of GO terms related to lipid metabolism and fat cell differentiation further
supports the specificity and relevance of our differentiation model.

Using, specifically, GO term GO:0045444~fat cell differentiation for RRA, we identified
key regulatory genes central to adipogenesis in ESCs. Genes, such as PPARG, CEBPA, and
EP300, emerged as central players in protein–protein interaction networks, underscoring
their pivotal roles in adipocyte differentiation. Moreover, gene candidates, like Atf5, Ccnd1,
and Nr4a1, highlighted by their consistent appearance in top-ranked gene lists across
datasets, suggest potential new targets for further investigation into adipogenic regulation.
These genes were further investigated for displaying distinctive expressions throughout
the differentiation period. More specifically, Atf5, Ccnd1, and Nra41 RT-PCR expressions
were shown to correspond with the RNA-Seq data.

Studies have shown the roles of these genes and other early regulators (identified
in the RNA-Seq data) in adipogenesis. These were observed to be uniquely differentially
expressed in the non-differentiating conditions (D30(−)). For instance, Klf4, Jdp2, and Smad6
are upregulated early in the differentiation process. Klf4, a member of the Kruppel-like
factor family, is well-known for its role in maintaining pluripotency and has been shown to
repress adipogenesis in preadipocytes by inhibiting the expression of adipogenic markers,
such as PPARγ [41,42]. However, its role during the early stages of ESC differentiation
into adipocytes suggests a dual function, potentially acting as a gatekeeper that balances
self-renewal and lineage commitment. Similarly, Jdp2, a member of the AP-1 family, is
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known to interact with C/EBPβ, a critical transcription factor in adipogenesis [43,44]. Jdp2
facilitates adipocyte differentiation by modulating the activity of C/EBPβ, highlighting its
importance in the transcriptional regulation of adipogenic genes. Interestingly, Jdp2 has also
been shown to directly regulate activating transcription factor (ATF) proteins, specifically
ATF4 [45]. Furthermore, Smad6, an inhibitory Smad, plays a role in the negative regulation
of BMP signaling, which is crucial for adipogenesis [46]. The upregulation of Smad6 early
in differentiation might indicate a fine-tuning mechanism that controls the extent of BMP
signaling, thereby influencing the commitment to the adipogenic lineage.

Further to these genes, there were also genes that were associated as mediators of
metabolic and cell cycle regulation. Among these, Ccnd1 was shown to be downregulated
in both the data and, as mentioned previously, in RT-PCR. Ccnd1, typically associated with
cell cycle regulation, has been shown to inhibit adipogenesis by blocking the activity of
PPARγ and C/EBPα, two master regulators of adipocyte differentiation [47]. Ccnd1 down-
regulation has been observed to be necessary for the progression of adipogenesis [47,48].
Therefore, the observed downregulation of Ccnd1 in the current study in the later stages
of differentiation might be necessary for the full activation of these adipogenic pathways,
underscoring its role in the temporal regulation of cell fate decisions. Another mediator
identified included Ffar4, which is a receptor involved in fatty acid sensing that has been
implicated in promoting adipogenesis through the enhancement of insulin sensitivity and
anti-inflammatory effects [49,50].

Further to the validation of Ccnd1 in this study, Atf5 and Nr4a1 have also been shown
to be involved in adipocyte differentiation. Atf5, a member of the ATF/CREB family, has
been implicated in the regulation of adipogenesis through its interaction with C/EBPβ [51].
This study found ATF5 expression to be associated with the obesity-related phenotype,
suggesting its role in promoting adipocyte differentiation. On the other hand, Nr4a1, which
is an orphan nuclear receptor, is involved in the regulation of metabolic processes and
has been shown to influence adipocyte maturation and lipid metabolism [52,53]. The
consistent upregulation of Nr4a1 during differentiation, in the current study, indicates its
potential role in fine-tuning the adipogenic program, possibly through interactions with
other nuclear receptors or transcription factors. Another factor, which was observed in
this study to be highly ranked, was the dynamic expression of EP300. EP300, a histone
acetyltransferase, is known to coactivate PPARγ and C/EBPα, thereby enhancing the
transcription of adipogenic genes [54,55]. Its central role in the protein–protein interac-
tion network identified in our study further supports its importance in the regulation of
adipogenesis. Interestingly, this study also identified Angptl8 (Gm6484) to be uniquely
differentially expressed in differentiating conditions ((+)/D0). Angptl8, also known as
betatrophin, is a liver-derived protein, which has been implicated in lipid metabolism and
adipocyte differentiation [56]. Studies have shown that Angptl8 plays a role in promoting
lipid accumulation in adipocytes and modulating systemic lipid metabolism, making it a
potential target for understanding fat cell differentiation and metabolic regulation [57–59].

Although this study leverages the robustness of RRA to provide a comprehensive
dynamical view of the transcriptome, especially during adipogenesis in ESCs, it is still
limited. This is mainly due to having key adipogenic factors, such as (but not limited to)
Cebpa, Cebpb, Cebpd¸ and Pparg, already being expressed at a plateau level. This leads to
the inability to observe distinctive changes in expression between the differentiating and
non-differentiating conditions and might suggest that this distinctive expression occurs at
an earlier timepoint.

The use of RRA in this study was particularly significant from a biological perspective.
RRA is a powerful computational tool that excels in integrating data from multiple sources
or experimental conditions, even in the presence of noise and variability [33]. This approach
allows for the identification of key regulatory genes that may be subtle or obscured in
traditional differential expression analysis [33]. By ranking genes based on their expression
changes across various conditions, RRA helps to prioritize biologically relevant candidates
that are consistently associated with the adipogenic process [60], providing a more reliable
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identification of genes that are central to cellular differentiation. This current work is the
first to utilize this approach using mouse ESCs as a model for adipogenesis.

The significance of RRA lies in its ability to consolidate complex transcriptomic data
into meaningful biological insights [61]. In the context of adipogenesis, this approach
enabled the identification of genes that are not only differentially expressed but also func-
tionally relevant to the adipogenic phenotype. For instance, RRA highlighted the roles of
EP300, Atf5, and Nr4a1, which may not have been as prominent in a traditional analysis due
to the complex and dynamic nature of gene expression during differentiation. However,
the limitations observed in our study underscore the importance of considering earlier time
points in future experimental designs. Investigating earlier stages of differentiation could
reveal significant changes in gene expression that are critical for initiating adipogenesis.
Additionally, linking these early transcriptional changes to secreted protein functional-
ities would provide further insights into the molecular mechanisms driving adipocyte
differentiation.

Despite these limitations, the findings from this study contribute significantly to basic
biology and offer potential applications in clinical settings, particularly in the context of
metabolic diseases. The insights gained by RRA pave the way for future research aimed
at enhancing therapeutic strategies and deepening our understanding of adipose tissue
biology. By identifying key regulatory networks involved in adipogenesis, this study offers
a foundation for developing targeted interventions that could modulate adipocyte function
and potentially treat conditions like obesity and insulin resistance.

4. Materials and Methods

4.1. mESC Culture and Adipocyte Differentiation

Mouse ESC (mESC::hb9::GFP) of the strain HBG3 [37] was used throughout this study.
Cells were grown and maintained under ES growth media (Knockout™ DMEM (Thermo
Fisher Scientific, Carlsbad, CA, USA), 14% Fetal Bovine Serum (Corning®, Woodland,
CA, USA), 1× 2-Mercaptoethanol (Thermo Fisher Scientific, Carlsbad, CA, USA), 3× Mix
Nucleosides (Thermo Fisher Scientific, Carlsbad, CA, USA)], and 107 U/mL Leukemia
inhibitory factor [LIF] (Thermo Fisher Scientific, Carlsbad, CA, USA)) under humidified
conditions of 5%CO2/37 ◦C. Differentiation media consisted of the same components as
ES growth media but without the addition of LIF. Differentiation was carried out first
through the formation of embryoid bodies (EBs) through the “hanging drop” method with
a cellular concentration of 1 × 105 cells/mL for 2 days [18–20]. EBs were collected and
plated into 0.1% gelatin-coated wells followed by treatment with 1 μM of Retinoic Acid
and 12.5 μg/mL of Ascorbic Acid in differentiation media the following day for 3 days.
From day 7, attached EBs were treated with differentiation media supplemented with
12.5 μg/mL of Ascorbic Acid, 3 nM of Thyroid T3, and 0.5 μg/mL of insulin. These media
were changed every 2 to 3 days up until day 25. On day 25, differentiation media were
removed, and serum-free media were added for a period of 5 days (day 30). Cells were
collected for further analysis on day 30.

4.2. Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from all mouse ESC conditions using two methods when
needed. For RNA-Seq libraries’ preparation, a combination of TriZol (Life Technologies™,
Thermo Fisher Scientific, Carlsbad, CA, USA) [62] and the RNeasy Mini Kit (QIAGEN,
Hilden, Germany, Cat.no. 74104) was used, with modifications from the manufacturer’s
protocols. Cells in each well were washed once with 1 mL of PBS prior to the addition of
1 mL of TriZol reagent. TriZol lysates were added to fresh 1.5 mL tubes. Approximately
0.2 mL of chloroform was added per ml of TriZol and centrifuged at a speed of 12,000 rpm
at 4 ◦C for 15 min. The upper aqueous phase (~400 mL in volume) was transferred to
a fresh 1.5 mL tube. An equivalent volume of 70% ethanol was mixed with the RNA
solution, and downstream purification was performed using an RNeasy Mini Spin Column
(QIAGEN, Hilden, Germany, Cat.no. 74104) according to the manufacturer’s protocol [63].
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The second method was followed accordingly and solely with TriZol manufacturer instruc-
tions [62]. RNA concentrations were determined using a Thermo Scientific™ NanoDrop
2000™ (Thermo Fisher Scientific, Carlsbad, CA, USA), whereas the integrity of RNA (RIN)
was evaluated on a Tape station 4200 (Agilent Technologies, Inc., Santa Clara, CA, USA)
RNA Screen Tape. RIN numbers of more than 8 were further used for library preparation.

4.3. cDNA Synthesis and RT-PCR

For complementary DNA (cDNA) synthesis, a concentration amount of (0.1 ng) total
RNA, from either method, was used as a template using a First-Strand Synthesis Kit
(Invitrogen™, Carlsbad, CA, USA) according to the manufacturer’s instructions. cDNA
synthesized was further diluted 1:50 in ddH2O prior to its use as a template for real-time
PCR (RT-PCR) using SYBR Green (Thermo Scientific™). A total volume of 10 μL was
prepared for the SYBR Green qPCR reaction [2.5 μL diluted cDNA product or nH2O, 2.5 μL
2 mM forward + reverse primer mix (Integrated DNA Technologies, Inc., Coralville, IA,
USA) and 5 uL of SYBR Green]. The qPCR thermal cycle utilized an Applied Biosystems™
StepOnePlus™ platform (Applied Biosystems™, Waltham, MA, USA), with one cycle of
50 ◦C for 2 min and 95 ◦C for 10 min followed by 45 cycles of 95 ◦C for 15 s and 60 ◦C for
1 min. The expression of gene targets’ values was normalized to housekeeping gene β-actin
and estimated using the ΔΔCt approach. Primers included the genes Pparg, Cebpb, Fabp4,
Oct4, Ccnd1, Atf5, and Nr4a1 (Supplementary File: Table S5). The housekeeping gene Bact
was used as reference control.

4.4. Oil Red O Staining and Quantification

Mouse ESCs, under differentiating and non-differentiating conditions, were washed
with 1 mL of 1× PBS (Corning®, Woodland, CA, USA) once before fixing for 5 min with 4%
paraformaldehyde in PBS at room temperature. Thereafter, cells were washed three times
with 1 mL of PBS and once with 60% isopropanol and completely air-dried. ESCs were then
stained with Oil Red O (ORO) [6 ORO:4 ddH2O ratio] (Sigma©, Saint Louis, MO, USA) for
10 min at room temperature. Excess stain residue was removed with four ddH2O washes.
Approximately 1 mL of PBS was then added for microscopic visualization. Images were
processed at 460× magnification using a 20× objective lens, with transmitted bright-field
light using EVOS® FLoid® Cell Imaging Station (Thermo Fisher Scientific, Carlsbad, CA,
USA). For quantification, ORO stain particles were eluted with 100% isopropanol and
analysed using Thermo Scientific™ Varioskan® Flash (Thermo Fisher Scientific, Carlsbad,
CA, USA) for spectrophotometry readings at 500 nm.

4.5. RNA-Sequencing Library Preparation and Sequencing

Libraries were prepared using the NEBNext Ultra II RNA Library Prep Kit (New Eng-
land Biolabs®, Ipswich, MA, USA) from New England Biolabs following the manufacturer’s
recommendations. Total RNA samples (500 ng) were subjected to cDNA construction for Il-
lumina sequencing, in accordance with the protocol for the mRNA-Seq sample preparation
kit. Oligo(dT) (Illumina, Inc., San Diego, CA, USA) magnetic beads were used to isolate
poly(A) RNA from the total RNA samples. The mRNA was fragmented, and the first-strand
cDNA was reverse-transcribed using random primers, following second-strand cDNA
synthesis. The resulting double-stranded cDNA was ligated to NEBNext® adaptors after
being end-repaired and A-tailed. Finally, PCR amplification of 12 cycles was performed
for enrichment, producing a 350–400 bp fragment including adapters. The fragment size
and purity of the libraries were assessed on a Tape station 4200 (Agilent Technologies, Inc.,
Santa Clara, CA, USA) using high-sensitivity D5000 Screen Tape and quantified with the
Qubit 4.0 Fluorometer (Thermo Fisher, Waltham, MA, USA). The quantifications of the
libraries required for RNA-seq were determined through real-time qPCR using a KAPA
library quantification kit for the Illumina platform (KAPABIOSYSTEMS, Cape Town, South
Africa). Enriched cDNA libraries were sequenced using the Illumina NextSeq 500/550
system with High Output v2 kit (150 cycles, PE), (Illumina, Inc., San Diego, CA, USA).
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4.6. Computational Analysis

Correlation analyses, including principal component analysis (PCA) and distance heatmap
dendrogram analysis, were generated using RNA-Seq NASCAR 2.0 via the New York University
Abu Dhabi Centre of Genomic and Systems Biology (NYUAD-CGSB) Bioinformatics Online
Analysis and Visualization Portal (http://nasqar2.abudhabi.nyu.edu/) [64].

DEG lists based on comparative analysis (i.e., statistical significance [p-value < 0.05])
were identified via Python scripting and were used for further gene ontology (GO) enrich-
ment analysis using the g:Profiler database (https://biit.cs.ut.ee/gprofiler/gost, accessed
on 1 March 2024) [65].

4.7. Statistical Analysis

Statistical analysis was conducting using Student’s t-tests in Microsoft Excel™ (Microsoft®,
Version 2406). Results are represented as means of at least three independent experiments,
and a p-value < 0.05 was considered significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25179154/s1.
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Abstract: Recently, the trend of obesity is becoming increasingly prevalent, and the underlying
pathogenesis of obesity is complex and needs to be researched further. In this study, we report a
decreased expression of let-7a-5p in the white adipose tissue (WAT) of animals with obesity. Using
the RNA oligo, let-7a-5p over-expression or suppression–expression is achieved, impacting the
proliferation and differentiation of preadipocytes in vitro. Srebf2 mechanistically interacts with the
metabolic effect of let-7a-5p and participates in lipid accumulation by regulating Srebf2 downstream
signaling. Moreover, let-7a-5p binds to Thbs1 to interact with the PI3K-AKT-mTOR pathway, down-
regulating the phosphorylation levels of AKT, mTOR, and S6K1 to decrease lipid accumulation. In
conclusion, our study highlights the physiological significance of let-7a-5p in lipid accumulation
and suggests that the let-7a-5p/Srebf2 and let-7a-5p/Thbs1/PI3K-AKT-mTOR axes may represent
potential mechanisms for controlling lipid accumulation in obesity.

Keywords: lipid accumulation; high-fat diet; preadipocytes; white adipose tissue

1. Introduction

Obesity is defined as an excessive body mass index (BMI) that is associated with white
adipose tissue (WAT) accumulation, as well as an increased risk of endocrine disease, type II
diabetes, and cancer [1–4]. WAT is a multi-depot organ that supports endocrine and energy
storage. WAT has the unique ability to coordinate metabolic changes throughout the body
and integrate responses to maintain metabolic homeostasis [5,6]. Thus, the maintenance
of WAT lipid metabolism is essential. However, comprehending the pathological process
of fat buildup is difficult because both environment and genes influence lipid metabolic
regulation [7]. Nowadays, highly palatable and fat-dense foods are becoming more and
more available and cheaper, and this, along with the development of food production,
processing, storage, and preparation, contributes to the rise in obesity [8]. Furthermore,
extensive data have indicated that multiple genes, gene products, and signaling pathways
are significant contributors to the control of WAT metabolism. Overall, 15–50% of the cells
in the WAT are preadipocytes [9]. During adipogenesis, preadipocyte transcription factors
such as Sox9 and WNT/β-catenine undergo suppression, while the CCAAT/enhancer-
binding protein (C/EBP) family of bZIP transcription factors and PPARγ are active [6,10,11].
Furthermore, some micronutrients, such as vitamins, constitute an essential functional
element of the development of WAT upon their transformation into hormone-like molecules
by certain enzymes [12].

microRNAs (miRNAs) pair with the 3′ untranslated regions (UTR) to regulate the post-
transcriptional suppression of target genes. miRNAs usually exhibit cell type-, tissue-, and
developmental stage-specific expression and influence intracorporeal metabolic processes.
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Emerging data highlight the roles of miRNAs in lipid metabolic regulation and the progres-
sion of lipid dysmetabolism-related diseases. For instance, in humans and animals, normal
and obese individuals differ with respect to adipose miRNA expression [13,14]. miR-143a-
3p regulates preadipocyte proliferation and differentiation by targeting MAPK7 [15]. In
addition, miR-214-3p promotes the differentiation of 3T3-L1 through the Ctnnb1/Wnt/β-
Catenin pathway [16]. Overall, miRNAs have attracted a lot of interest for their involvement
in lipid metabolism and diseases. Although major pathways leading to lipid accumulation
in adipocytes have been identified, there are still many roles for miRNAs in the context of
obesity that need to be investigated.

In this study, we discovered a miRNA named let-7a-5p, which is down-regulated in
obese individuals, and examined its function further in vivo and in vitro. Our findings
indicate that the let-7a-5p/Srebf2 and let-7a-5p/Thbs1/PI3K-AKT-mTOR axes may be
crucial in regulating animal lipid accumulation and may contribute to the development of
new therapies for obesity.

2. Results

2.1. Let-7a-5p Is Associated with Lipid Metabolism

miRNAs are conserved among species with distinct temporal and geographical pat-
terns of expression in response to many biological activities [17,18]. We sequenced the
miRNA expression in the adipose tissue from the SND and HFD groups to discover miR-
NAs that may play a function in lipid metabolism by binding protein-coding genes in the
adipose tissue [19]. Interestingly, we noted that let-7a-5p was markedly decreased and
showed a similar alternation in other obese animals [13,20] and obese humans [14]. In
this study, we first assessed the abundance of let-7a-5p in the organs of the SND rabbits,
such as the liver, heart, etc., to verify the expression pattern of let-7a-5p in animals with a
normal metabolic condition. Compared with the control animals, let-7a-5p expression was
observed to be high in the adipose tissue of the obese animals, suggesting that let-7a-5p
may be functionally important for preserving the balance of lipid metabolism (Figure 1A).
In addition, we found that let-7a-5p was significantly decreased in the WAT of rabbits
subjected to the HFD treatment, which validates the sequencing data (Figure 1B). Next,
the major hormones secreted from the adipose tissue, serum LEP and ADP, were next
measured in the rabbits. We discovered that let-7a-5p expression in the adipose tissue was
negatively correlated with serum LEP levels but positively correlated with serum ADP
levels (Figure 1C). Using the Starbase database, let-7a-5p targets were captured, including
Srebf2, Dagla, Ptgs2, and Thbs1 (Table S7). For the let-7a-5p target genes, lipid metabolic
pathways such as the mTOR signaling pathway, PI3K-AKT signaling pathway, and insulin
signaling pathway were enriched in the KEGG database (Figure 1D, Table S8). According to
the results of GO analysis, the let-7a-5p target genes were significantly enriched in 787 GO
terms (483 biological processes (BP), 153 cellular components (CC), and 151 molecular
functions (MF)), including the regulation of cell size, cell cycle, the metabolic process,
and the cellular response to insulin stimulus (Figure 1E, Table S9). Taken together, these
findings suggest that let-7a-5p may be a functional molecule involved in lipid metabolism.
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Figure 1. Let-7a-5p is associated with lipid metabolism. (A) Let-7a-5p expression levels in the
different organs from the SND group were measured (n = 6). (B) Let-7a-5p expression was assessed
in the rabbits’ WAT, and the data based on the normal rabbits were used as a reference (n = 6).
(C) The Pearson correlation between let-7a-5p expression in the rabbits’ WAT and serum LEP (left)
or ADP (right) levels (n = 12 in biological animals). (D) The pathways partly enriched in the KEGG
database. (E) A list of the top five important GO terms in MF, CC, and BP. The data are presented as
means ± SEM. ** p-value < 0.01.

2.2. Let-7a-5p Regulates Adipogenesis by Targeting the PI3K-AKT-mTOR Signaling

Measuring the effect of let-7a-5p on lipid metabolic capabilities is important since it is
connected to several protein-coding genes linked to lipid metabolism and is expressed at
low levels in the adipose tissue of obese rabbits. Next, by transfecting the let-7a-5p mimic,
NC, let-7a-5p inhibitor, and INC into the preadipocytes, we examined the impact of let-7a-
5p on the adipogenesis of rabbit preadipocytes. We verified that the transfected analogs
effectively increased or lowered let-7a-5p abundance in vitro (Figure 2A). For preadipocytes
proliferation, the let-7a-5p mimic decreased the absorbance to different extents at various
lengths of time, but the let-7a-5p inhibitor markedly enhanced absorbance after transfection
for 24 h and 72 h (Figure 2B). Following treatment with the let-7a-5p mimic, the expression
of the proliferation-related protein Pcna was reduced; however, following treatment with
the let-7a-5p inhibitor, it was increased (Figure 2C). Furthermore, we verified that the let-7a-
5p mimic, which reversed the effects of the let-7a-5p inhibitor after 4 days of differentiation,
decreased the protein levels of Fabp4 and Pparg, which are crucial transcription factors in
the development and function of adipose tissue and markers of preadipocyte differentiation
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(Figure 2D). Additionally, the TG accumulation in the mimic group was less than that in
the NC group (Figure 2E).

Figure 2. Let-7a-5p regulates adipogenesis by targeting the PI3K-AKT-mTOR signaling. (A) The
miR-24-3p mimic and inhibitor’s transfection efficiency were assessed (n = 6). (B) The absorbance
of preadipocytes from rabbits transfected with let-7a-5p mimic, NC, let-7a-5p inhibitor, and INC
at 24 h and 72 h (n = 6). (C) Representative Pcna bands in rabbit preadipocytes transfected with
let-7a-5p mimic, NC, let-7a-5p inhibitor, and INC. The Pcna expression was quantitatively analyzed
(n = 3). (D) Representative WB of Fabp4, Pparg, PI3K, AKT, P-AKT, mTOR, P-mTOR, S6K1, P-S6K1,
and β-actin at 4 days after transfection with the let-7a-5p mimic, NC, let-7a-5p inhibitor, and INC
in rabbits’ preadipocytes in the context of differentiation. n = 3 for data analysis. (E) After treating
the preadipocytes with the let-7a-5p mimic, NC, let-7a-5p inhibitor, and INC, the TG content was
assessed (n = 8). The data are presented as means ± SEM. * p-value < 0.05; ** p-value < 0.01.

Meanwhile, we also wanted to determine whether let-7a-5p is functionally involved
in the lipid metabolic regulation of the PI3K-AKT-mTOR pathway. To test this notion, we
first confirmed whether let-7a-5p inhibition and over-expression could both significantly
change PI3K activity (Figure 2D). Subsequently, the over-expressing of let-7a-5 resulted in
the suppression of P-AKT expression, while the let-7a-5p inhibitor caused an increase in
P-AKT expression (Figure 2D). The downstream phosphorylated mTOR and S6K1 showed
a reduction in the let-7a-5p mimic group but drastically increased after let-7a-5p inhibition
when compared with the related reference (Figure 2D). In summary, our findings show that
let-7a-5p has a direct interaction with preadipocytes adipogenesis via the PI3K-AKT-mTOR
pathway.
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2.3. RNA-seq Revealed Potential Let-7a-5p Target Genes

In this study, we performed RNA-seq on adipose RNA collected from the SND and
HFD groups to identify the potential let-7a-5p target genes. Overall, six libraries were built
successfully, and sequencing for each of the libraries surpassed 45,617,148 high-quality
raw reads, with an average clean read of 46,544,061 (Table S1). The Q20 (percentage of
reads with a Phred quality value > 20) ranged from 97.77% to 98.07%, and the GC content
of libraries ranged from 52.82% to 54.15% (Table S1). Next, the clean data were aligned
to reference genomes using HISAT2, with high mapping efficiency ranging from 86.08%
to 87.5% (Table S1). The gene expression was quantified using subread software based
on read counts. Following the fragments per kilobase per million reads (FPKM) method,
we found that the gene expression distribution was consistent between the two metabolic
conditions of adipose tissue (Figure 3A).

Figure 3. RNA-seq analysis revealed potential let-7a-5p target genes. (A) Gene expression distribu-
tion from the SND and HFD RNA-seq libraries. (B) Based on log2(fold change) and −log10(p-value),
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a volcanic picture of the DE genes between the SND and HFD groups was constructed. The red
point indicates the statistically significant up-regulated genes, whereas the green point indicates the
statistically significant down-regulated genes. (C) The part gene sets enriched in the KEGG database
are listed. (D) The DE genes enriched in the GO database and only the top five significant GO terms
in BP, CC, and MF are listed.

We identified DE genes using the DESeq following the standard of p-value ≤ 0.05. The
full list of DE genes is available in Table S2. Among them, 447 genes were down-regulated
and 607 genes were up-regulated in the HFD group, respectively (Figure 3B). To better
understand the functional roles of DE genes, we subsequently performed an enrichment
analysis to categorize the functions of the DE genes in the KEGG database. The data
indicated that the PI3K-AKT signaling pathway, IL-17 signaling pathway, arachidonic
acid metabolism, linoleic acid metabolism, and TNF signaling pathway were significantly
enriched (Figure 3C, Table S3). Meanwhile, based on the up-regulated DE genes, the
top significant biological process GO terms are mostly responsible for signaling and cell
regulatory functions, such as response to lipoprotein particle, the positive regulation of
cell differentiation, the positive regulation of cell migration, the positive regulation of cell
proliferation (Figure 3D, Table S4). Genes Srebf2, Lep, Ptgs2, and Adam17 are important
contributors and have been shown to have direct consistency with the above GO terms.
Using the down-regulated DE genes, we obtained the related GO terms data (Figure 3D,
Table S4). Of the significantly enriched biological process GO terms, the most down-
regulated DE genes were shown to control metabolism-related GO terms. Specifically, Sorl1,
Lgals12, and Pnpla7 are prominently involved in the lipid catabolic process. Adh2-1, Hacl1,
Echs1, and Acad11 are involved in lipid oxidation. Thus, our data revealed a dynamic
adipose gene expression under obesity condition.

2.4. Let-7a-5p Regulates Lipid Metabolism by Targeting the Srebf2 Signaling

Based on their sequence information, the Targetscan website was used to determine
the possible binding site between Srebf2 and let-7a-5p (Figure 4A). In terms of preadipocytes
differentiation, Srebf2 mRNA expression was decreased in the mimic group but increased
in the inhibitor group in vitro (Figure 4B). Using the luciferase reporter assay, we observed
that the luciferase activity of a luc-reporter construct containing Srebf2 3′ UTR (WT1) was
considerably reduced by the let-7a-5p mimic (Figure 4C). Subsequently, we introduced
the specific siRNA target Srebf2 into cells in vitro to examine the essentialness of Srebf2
in the metabolic responses of let-7a-5p toward lipid accumulation (Figure 4D). Following
si-Srebf2 treatment, 3T3-L1 exhibited reduced lipid accumulation, as demonstrated via
Oil Red O staining and intracellular TG analysis, which was consistent with the findings
in preadipocytes with let-7a-5p mimic treatment (Figure 4E,F). Importantly, in 3T3-L1
with Srebf2 knockdown, the further knockdown or overexpression of let-7a-5p did not
affect lipid accumulation (Figure 4F). The knockdown of Srebf2 also reduced the levels
of Fabp4 and Pparg genes but did not affect the expression levels of let-7a-5p, implying
that Srebf2 does not modulate the stability of let-7a-5p but might influence the stability of
genes related to lipid metabolism (Figure 4G,H). Furthermore, qRT-PCR demonstrated that
Srebf2 knockdown reduced the transcription of genes linked to lipid metabolism, including
Fasn, Fads1, Elovl5, Scd, Fads2, and Aacs (Figure 4I). In conclusion, our findings show that
let-7a-5p binds to Srebf2 and modulates Srebf2-mediated lipid metabolic signaling.
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Figure 4. Let-7a-5p regulates lipid metabolism by targeting Srebf2 signaling. (A) Potential binding
sites between let-7a-5p and Srebf2 were identified using the Targetscan website. The sites in the
white background represent binding sites. (B) The mRNA of Srebf2 at 4 days after transfection with
let-7a-5p mimic, NC, let-7a-5p inhibitor, and INC in the context of differentiation. (n = 6). (C) Relative
luciferase activity was measured after the co-transfection of WT1 and MUT1 with the let-7a-5p mimic
and NC, respectively (n = 3). (D) After si-Srebf2 treatment, the mRNA of Srebf2 was examined using
qRT-PCR (n = 6). (E) Oil Red O staining was performed for visual observation of the lipid droplets
from the si-Srebf2 and si-NC groups. (F) The cellular TG concentration was assessed as the indication
of lipid accumulation (n = 6). (G) The expression levels of Fabp4, Pparg, and let-7a-5p in the 3T3-L1
differentiated mature adipocytes were detected using qRT-PCR (n = 6). (H) Representative WB of
Fabp4 and β-actin at 4 days after transfection with si-Srebf2 and si-NC in the 3T3-L1 preadipocytes in
the context of differentiation. n = 3 for data analysis. (I) qRT-PCR analysis of Fasn, Fads1, Elovl5, Scd,
Fads2, and Aacs in the 3T3-L1 preadipocytes treated with si-Srebf2 and si-NC (n = 6). Not significant:
ns. The data are presented as means ± SEM. * p-value < 0.05; ** p-value < 0.01.

2.5. A Let-7a-5p Target—Thbs1 Is Required for Adipogenesis via the PI3K-AKT-mTOR Pathway

Considering that let-7a-5p has a direct interaction with adipogenesis via the PI3K-
AKT-mTOR pathway, we investigated whether a key gene acts as the mediator. We
were intrigued by the identification of Thbs1 as a putative let-7a-5p target, a functional
gene linked to obesity, lipid metabolism, and adipose biology (Figure 5A). Thbs1 is up-
regulated in adipose tissue under obesity (Section 2.3), and in this study, it was negatively
associated with let-7a-5p expression (Figure 5B). The luciferase activity of a luc-reporter
construct incorporating Thbs1 3′ UTR (WT2) was shown to be greatly reduced by the
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let-7a-5p mimic, but this reduction was abolished by a mutation in the Thbs1 binding
site in the 3′ UTR (Figure 5C). Next, we delivered the specific siRNA target Thbs1 into
cells in vitro to investigate Thbs1’s essentialness in the metabolic responses of let-7a-5p
toward lipid metabolism (Figure 5D). We noted that the si-Thbs1 group showed lower lipid
accumulation, as determined via Oil Red O staining (Figure 5E). Proteins Fabp4 and Pparg
were consistently down-regulated after si-Thbs1 treatment (Figure 5F). Meanwhile, the
abundance of PI3K protein markedly decreased in the si-Thbs1 group compared with the si-
NC group (Figure 5F). Decreased levels of P-AKT were observed, with no significant effect
on the total AKT levels after si-Thbs1 treatment (Figure 5F). Moreover, the phosphorylation
levels of the downstream mTOR and S6K1 showed a significant decrease, indicating that
mTOR signaling was inhibited when Thbs1 expression was silenced (Figure 5F). These data
indicate that Thbs1 is required for adipogenesis via the PI3K-AKT-mTOR pathway.

 

Figure 5. A let-7a-5p target—Thbs1 is required for adipogenesis via the PI3K-AKT-mTOR pathway.
(A) Potential binding sites between let-7a-5p and Thbs1 were identified using the Targetscan website.
The sites in the white background represent binding sites. (B) The mRNA of Thbs1 at 4 days after
transfection with let-7a-5p mimic, NC, let-7a-5p inhibitor, and INC in the context of differentiation.
(n = 6). (C) Relative luciferase activity was measured after the co-transfection of WT2 and MUT2 with
the let-7a-5p mimic and NC, respectively (n = 3). (D) After si-Thbs1 treatment, the mRNA of Thbs1
was examined using qRT-PCR (n = 6). (E) Oil Red O staining was performed for visual observation of
the lipid droplets from the si-Thbs1 and si-NC groups. (F) Representative bands for Fabp4, Pparg,
PI3K, AKT, P-AKT, mTOR, P-mTOR, S6K1, P-S6K1, and β-actin in 3T3-L1 cells treated with si-Thbs1
and si-NC. n = 3 for data analysis. Not significant: ns. The data are presented as means ± SEM.
* p-value < 0.05; ** p-value < 0.01.
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2.6. Let-7a-5p Inhibites High-Fat-Diet-Induced Obesity in a Mice Model

At first, we discovered that let-7a-5p was strongly expressed in the adipose tissue
of normal metabolic mice, but this was considerably reduced when the mice were fed a
high-fat diet, which was consistent with the findings in the HFD rabbit model (Figure 6A,B).
Next, we investigated whether let-7a-5p could control lipid accumulation in vivo. We
subjected the mice to a high-fat diet and injected them with specific let-7a-5p agomir or
agomir control in the caudal vein. After a detailed analysis, it was found that the HFD-a
mice featured decreased adiposity compared with the HFD-m mice, as shown by their
reduced body weight and adipose tissue weight (Figure 6C,D). Levels of serum TG, which
is a marker of lipid metabolism and obesity, were significantly enhanced in the HFD-
m group, but let-7a-5p agomir decreased the TG in the HFD-a group compared to the
HFD-m group (Figure 6E). At the molecular levels, we examined the expression levels
of lipogenesis-related protein Fabp4 in the perirenal adipose tissue of each group. As
expected, its expression was decreased after consistent let-7a-5p agomir treatment in the
HFD-a group compared to the HFD-m group (Figure 6F). Thus, our data indicate that
let-7a-5p may play an important role in the regulation of lipid accumulation in vivo.

 

Figure 6. Let-7a-5p inhibits high-fat-diet-induced obesity in a mice model. (A) Let-7a-5p expression in
the different organs from the Crol group was measured (n = 6). (B) Let-7a-5p expression was measured
in the Crol and HFD-m groups, and the data in the Crol were used as a reference (n = 6). Analyses of
the metabolic performances of the Crol, HFD-m, and HFD-a groups were carried out, considering
body weight (C), fat tissue weight (D), serum TG abundance (E), and lipid metabolism-related
protein in the perirenal fat (F). n = 6 in (C–E). n = 3 in (F). The data are presented as means ± SEM.
* p-value < 0.05; ** p-value < 0.01.

3. Discussion

Obesity is defined by the World Health Organization (WHO) as the excessive accumu-
lation of WAT. Therefore, it would be beneficial to better understand the molecular network
and mechanism of lipid metabolism, including the roles played by miRNAs in effectively
controlling lipid metabolism and preventing lipid accumulation in WAT.

Numerous studies have demonstrated that adipose miRNAs exhibit dynamic reg-
ulation in obesity and functional roles in adipogenesis [13,15]. For example, miR-24-3p
inhibited preadipocytes differentiation, whereas miR-9-5p promoted preadipocytes dif-
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ferentiation [21,22]. According to data available online, let-7a-5p is a key miRNA with
roles in bone marrow mesenchymal stem cell (BMSC) osteogenesis [23], embryo implanta-
tion [24], shoulder stiffness [25], and inflammatory response [26]. Furthermore, let-7a-5p
can decrease BZW2 expression, and it inhibits hepatoma cell proliferation, invasion, and
migration and increases apoptosis [27]. Meanwhile, an oncogenic role for let-7a-5p in
colorectal cancer [28] and cervical cancer [29] has been reported. However, although let-7a-
5p was markedly decreased in the WAT of obese animals [13,20], its possible role in the
adipogenesis and hypertrophy of adipose tissue requires further investigation. In this study,
we confirmed that let-7a-5p maintained a low abundance in the WAT of obese rabbits and
mice. Gain- or loss-of-function studies showed that let-7a-5p inhibited preadipocytes prolif-
eration and differentiation in vitro. In addition, our data indicate that the over-expression
of let-7a-5p altered high-fat-diet-induced body weight, tissue weight gain, and blood fat in
the obese mice, suggesting that boosting the expression of let-7a-5p in the obese mice WAT
was beneficial for maintaining lipid metabolic homeostasis.

Lipid accumulation is composed of many enzymatic reactions and controlled by a variety
of molecules. In this study, targeting research showed that let-7a-5p is directly bound to the 3′-
UTR of Srebf2. The Srebf2 protein is a member of the sterol regulatory element binding protein
(SREBP) nuclear transcription factor family, which regulates lipid homeostasis by controlling
the expression of several enzymes necessary for endogenous phospholipid, triacylglycerol,
cholesterol, and fatty acid (FA) synthesis [30]. Lipid metabolism is influenced by mature forms
of SREBPs that are transcriptionally active and transported to the nucleus, where they bind to
the promoters of the SREBP target [31]. Srebp2 promotes the expression of target genes in the
cholesterol biosynthesis pathway by binding to the sterol regulator and promoter/enhancer
in the lipid synthase gene [32]. In this study, we discovered that Srebf2 has a direct interaction
with the lipid accumulation effect of let-7a-5p via downstream metabolic genes such as Fasn,
Fads1, and Scd. Moreover, another possibility is that let-7a-5p regulates lipid accumulation via
the PI3K-AKT-mTOR pathway by binding to the 3′ UTR of Thbs1. Thbs1 is a large adhesive
extracellular matrix glycoprotein that contains multiple functional domains. In mice and
humans, Thbs1 is highly expressed in hypertrophic visceral adipose tissue [33,34]. Thbs1-null
mice were protected against insulin resistance and the inflammation of adipose tissue [35].
Moreover, Thbs1 deficiency prevents high-fat-diet-induced adipose tissue hypertrophy [33].
We discovered that let-7a-5p regulates the expression of Thbs1 and that si-Thbs1 inhibits lipid
accumulation by targeting the PI3K-AKT-mTOR pathway, indicating the potential connection
between let-7a-5p and the metabolic network. It has been revealed that the PI3K-AKT-mTOR
pathway controls lipid accumulation in animal cells by increasing the unclear accumulation
of mature SREBP [36,37].

However, we cannot exclude the notion that let-7a-5p may cooperate with other actors
through unidentified ways to regulate lipid accumulation. Therefore, further mechanistic
studies are required to elucidate how let-7a-5p controls lipid accumulation. For instance, it
is necessary to investigate the roles that let-7a-5p plays in the process of lipid metabolism
in other animal models. It is also necessary to look into the other possible mechanisms of
let-7a-5p and their effects on lipid metabolism, such as enhanced lipid secretion through
the skin, WAT browning, and metabolomics.

4. Materials and Methods

4.1. Animals

This work is an extension of a previous study wherein an obese rabbit model was
established using a high-fat diet [38]. Briefly, the rabbits in the model were subjected to
a control (120 g/d, labeled as the SND group) or a high-fat diet (120 g/d, labeled as the
HFD group) for 5 weeks in a thermostatic room. At the end of the trial, six rabbits from
each group were selected for sampling, and three samples from each group were used for
transcriptome sequencing. Next, eighteen 21-day male Kunming mice were divided into
three groups. Two groups received either a normal diet (referred to as the Crol group) or
a high-fat diet (referred to as the HFD-m group) for four weeks and received a total of
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four tail vein injections of agomir control (RiboBio, Guangzhou, China). Moreover, the
remaining group was fed a high-fat diet and given four tail vein injections of let-7a-5p
agomir (HFD-a group; RiboBio, Guangzhou, China) over four weeks. Every mouse had
unrestricted access to food and water. All experimental protocols were performed under
the direction of the Institutional Animal Care and Use Committee from the College of
Animal Science and Technology, Sichuan Agricultural University, China.

4.2. Cell Culture

Cells were kept in a growth medium (GM) containing 10% fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA), which was stored in an incubator (Thermo Fisher Scientific,
Waltham, MA, USA) at 37 ◦C and 5% CO2 environment. We used a differentiation medium
(DM) containing Dulbecco’s modified Eagle’s medium (DMEM; VivaCell, Shanghai, China)
supplemented with 10% FBS, 1 μmol/L dexamethasone (DEX; Solarbio, Beijing, China),
0.5 mmol/L 3-isobutyl-1-methylxanthine (IBMX; Solarbio, Beijing, China), and 10 μg/mL
insulin (Solarbio, Beijing, China). The maintenance medium (MM) consisted of DMEM with
10% FBS and 10 μg/mL insulin. According to the manufacturer’s instructions, transfection
was carried out using the lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA).
The transfection reagent was mixed with RNA oligo (let-7a-5p mimic, inhibitor, negative
control (NC), inhibitor negative control (INC)) and siRNA (si-Srebf2, si-Thbs1, and si-NC),
and then the mixture was transfected into the cells. The concentration of transfection was
50 uM for the mimic and NC, and 100 uM for the inhibitor, INC, siRNA, and si-NC. The
above RNA oligo and siRNA were purchased from Sangon Biotech Co., Ltd. (Shanghai,
China) and Tsingke Biotechnology Co., Ltd. (Beijing, China), respectively, and Table S5
displays the sequence information.

4.3. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Using the TRIpure reagent (Aidlab, Beijing, China), total RNA was extracted in ac-
cordance with the instructions. The quality test was conducted using an Agilent Bioan-
alyzer (Agilent Technologies, Santa Clara, CA, USA), and only eligible RNA was used
for subsequent experiments. For the reverse-transcription of mRNAs and miRNAs, we
used the RT EasyTM II (with gDNase) (FOREGENE, Chengdu, China) and the Mir-XTM

miRNA First-Strand Synthesis Kit (Takara, Dalian, China), respectively. Furthermore,
the NovoStart®SYBR qPCR SuperMix Plus (Novoprotein, Shanghai, China) was used in
triplicate for qRT-PCR on a CFX96 instrument (Bio-Rad, Hercules, CA, USA). The relative
abundance was determined using the 2−ΔΔCt method. U6 was utilized as an internal refer-
ence, and the mRQ 3′ primer from the Mir-XTM miRNA First-Strand Synthesis Kit (Takara,
Dalian, China) was utilized as the reverse primer for miRNA quantification. Furthermore,
the internal reference for mRNA quantification was β-actin gene. Table S6 provides a
detailed list of primer sequence information.

4.4. Western Blotting (WB)

Total protein extraction was carried out using the ProteinExt® Mammalian Total
Protein Extraction Kit (TransGen Biotech, Beijing, China). The Bradford protein assay
kit (Novoprotein, Shanghai, China) was then used to measure the protein concentration.
Briefly, the denatured protein was resolved on the SurePAGE gels (GenScript Corporation,
Nanjing, China) and then transferred to the PVDF membrane, which was then sealed
with a sealing liquid. The membranes were initially incubated with the corresponding
primary antibodies at 4 ◦C for 8 h. After that, they were incubated with the secondary
antibodies (Goat Anti-Rabbit or Anti-Mouse IgG H&L (HRP), Zen Bioscience, Chengdu,
China) for 1 h. The antibodies we used are as follows: Pcna (10205-2-AP), purchased from
the Proteintech (Wuhan, China); Pparg (A0270) and Fabp4 (A0232), purchased from the Ab-
clonal (Wuhan, China); and AKT (382804), P-AKT (310021), PI3K (251221), mTOR (380411),
P-mTOR (381557), S6K1 (R25650), P-S6K1 (380880), and β-actin (380624), purchased from
Zen Bioscience (Chengdu, China). Finally, the membranes were exposed to a SuperBright
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Subpico ECL reagent (SUDGEN, Nanjing, China). Images were taken using a GelDoc
system (Bio-Rad, Hercules, CA, USA).

4.5. Oil Red O Staining

The cells were fixed for 30 min at room temperature in 4% paraformaldehyde. Sub-
sequently, Oil Red O (Servicebio, Wuhan, China) was mixed with deionized water (3:2)
and then added to the cells for 15 min. Ultimately, PBS was used to clean the aforemen-
tioned cells until no visible impurities remained. Images were captured using an inverted
microscope (Olympus, Tokyo, Japan).

4.6. Measuring Blood Markers

All mice were fasted overnight before slaughter and anesthetized via an intraperitoneal
injection of chloral hydrate. Blood was collected from the heart and then centrifuged at 4 ◦C
for 5 min to obtain the serum. The commercial enzymatic colorimetry kit (Jiancheng, Nanjing,
China) was utilized to test the triglyceride (TG) concentration of the sample following
established protocols. In addition, following the standard method, the rabbits’ leptin (LEP)
and adiponectin (ADP) levels were tested using a commercial enzyme-linked immunosorbent
assay (ELISA) kit (Shanghai Hengyuan Biotechnology Co., Ltd., Shanghai, China).

4.7. Measuring Cell Proliferation

When the cell density reached 50%, transfection was carried out. Six hours later, the
medium was changed to GM. A cell counting kit (CCK, Zomanbio, Beijing, China) was
employed to examine the effect of let-7a-5p on cell proliferation. Briefly, after transfection
for 24 h and 72 h, 10 μL CCK reagent was added to each well and incubated at 37 ◦C and
5% CO2 for 2 h. The absorbance, which indicates the quantity of living cells, was then
measured using a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).

4.8. Dual-Luciferase Reporter Assay

In this study, we predicted possible let-7a-5p targets using the Starbase database
(https://starbase.sysu.edu.cn/, accessed on 10 July 2022). The software DAVID 6.7 (http:
//david.abcc.ncifcrf.gov/home.jsp, accessed on 18 May 2023) was used to conduct Gene
Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis. To validate the proposed binding site, wild-type (WT) and mutant
(MUT) pmirGLO plasmids of the target sequence were constructed by Tsingke Biotechnol-
ogy Co., Ltd. (Beijing, China). Next, 24-well plates (NEST Biotechnology, Wuxi, China)
were seeded with 293T cells. Using the lipofectamine 3000 reagent (Invitrogen, Carlsbad,
CA, USA), the let-7a-5p mimic or NC was co-transfected with specific WT or MUT plasmids.
After a day, luciferase activities were measured using the Duo-Lite TM Luciferase Assay
System (Vazyme, Nanjing, China) in accordance with the manufacturer’s instructions.

4.9. Transcriptome Sequencing

Sample RNA was produced using the above-described method. The M-MuLv reverse
transcriptase system was used to create the first strand of cDNA, while DNA polymerase
I and dNTPs were used to create the second strand. Following the manufacturer’s in-
structions, cDNA of 250–300 bp was generated, and PCR amplification was then used to
create the cDNA libraries using the NEBNext® Ultra™ RNA Library Prep Kit for Illumina®

(New England BioLabs, Ipswich, MA, USA). Novogene Co., Ltd. (Beijing, China) used
the Illumina NovaSeq 6000 platform to sequence the cDNA libraries. Additionally, the
FASTP program (version 0.19.7) was used to clean the raw data. HISAT2 software 2.0.5
was then used to compare the clean data with the reference genome to determine the
read localization information. After that, the transcript read count was determined, and
differential expression (DE) analysis was performed using the R package DEseq 1.16.1. The
threshold was defined to be p-value ≤ 0.05. Using the R ggplot2 tool, the DE genes between
groups were displayed graphically.
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4.10. Statistical Analysis

All data are presented as means ± SEM. Student’s t-test was utilized to ascertain
group differences in the statistical analysis, which was conducted using GraphPad software
6.04 (GraphPad Software Inc., La Jolla, CA, USA). Moreover, a one-way ANOVA was
used for multiple comparisons. Differences were considered statistically significant at
p-value < 0.05.

5. Conclusions

In conclusion, our findings suggest that the let-7a-5p/Srebf2 and let-7a-5p/Thbs1/
PI3K-AKT-mTOR axes are crucial for lipid accumulation and that they may represent a
potential mechanism for controlling lipid accumulation in obesity.
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Abstract: It is well-established that beige/brown adipose tissue can dissipate stored energy through
thermogenesis; hence, the browning of white adipocytes (WAT) has garnered significant interest in
contemporary research. Our preceding investigations have identified a marked downregulation of
miR-889-3p concurrent with the natural maturation of brown adipose tissue. However, the specific
role and underlying molecular mechanisms of miR-889-3p in the browning process of white adipose
tissue warrant further elucidation. In this research, we initially delved into the potential role of miR-
889-3p in preadipocyte growth via flow cytometry and CCK-8 assay, revealing that miR-889-3p can
stimulate preadipocyte growth. To validate the potential contribution of miR-889-3p in the browning
process of white adipose tissue, we established an in vitro rabbit white adipocyte browning induction,
which exhibited a significant upregulation of miR-889-3p during the browning process. RT-qPCR and
Western blot analysis indicated that miR-889-3p overexpression significantly amplified the mRNA
levels of UCP1, PRDM16, and CIDEA, as well as UCP1 protein levels. Furthermore, miR-889-3p
overexpression fostered intracellular triglyceride accumulation. Conversely, the downregulation
of miR-889-3p hindered the browning of rabbit preadipocytes. Subsequently, based on target gene
prediction and luciferase reporter gene determination, we demonstrated that miR-889-3p directly
targets the 3′-UTR region of SON. Lastly, we observed that inhibiting SON could facilitate the
browning of rabbit preadipocytes. In conclusion, our findings suggest that miR-889-3p facilitates the
browning process of white adipocyte precursors by specifically targeting the SON gene.

Keywords: miR-889-3p; white adipocyte; browned tissue; SON; UCP1

1. Introduction

Traditionally, it was believed that the body contained two types of adipose tissue.
The first type, white adipose tissue (WAT), originates from Myogenic regulatory factor
5 negative (Myf5-) progenitor cells and stores energy as triglycerides [1]. The second type,
brown adipose tissue, differentiates from Myogenic regulatory factor 5 positive (Myf5+)
progenitor cells and highly expresses uncoupling protein 1 (UCP1), which is intimately
linked to thermogenesis [2]. Beyond these conventional white and brown adipose tissues,
research in 1992 discovered the existence of beige adipocytes within the white fat pool [3].
These beige adipocytes, like brown adipocytes, differentiate from Myf5- progenitor cells [3].
They contain numerous small oil droplets, have significantly more mitochondria compared
to white adipocytes, and express the UCP1 gene [3]. Therefore, beige adipocytes are also
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called brown adipocytes. Non-shivering thermogenesis in mammals is conducted not
only by classical brown adipocytes but also by these beige adipocytes [4,5]. Furthermore,
the stimulation of beige adipocyte activity is linked to weight loss, insulin resistance
reduction, and obesity prevention [6,7]. Hence, amplifying the number or activity of
thermogenic adipocytes could potentially manipulate fat plasticity and enhance metabolic
health. Understanding the molecular mechanism behind WAT browning regulation is
therefore of paramount importance.

Small non-coding RNA (miRNA) can regulate gene expression at the post-transcriptional
level. Recent studies have highlighted miRNA as a crucial factor in regulating white
adipocyte browning [8]. However, research on miR-889-3p has primarily focused on tumor
and cancer-related fields. For instance, Zhu et al. found that miR-889-3p inhibits lung
cancer cell proliferation and epithelial–mesenchymal transformation by downregulating
homologous domain interacting protein kinase 1 (HIPK1) [9]. Zhao et al. discovered
that the overexpression of miR-889-3p can target and inhibit HOXB7, thereby impeding
cervical cancer cell proliferation, migration, and invasion; enhancing cell apoptosis and
radiosensitivity; and weakening tumor growth in vitro and in vivo [10]. However, studies
on miR-889-3p in fat thermogenesis are limited, indicating the need for future research to
elucidate its potential positive role in this process.

The SON DNA-binding protein (SON) is a widely expressed 2426-amino acid protein
found in nuclear speckles featuring an RNA-binding G-patch domain, a double-stranded
RNA binding motif, a forkhead N-terminal region, an arginine/serine-rich region, and
amino acid repeats [11]. It facilitates the efficient splicing of challenging transcripts, playing
a key role in cell cycle, DNA repair, apoptosis, and epigenetic modification [11]. Essential
for cellular functions and genomic stability, SON also maintains the nuclear organization
and function of pre-mRNA processing factors; its disruption can lead to cell cycle issues [12].
Previous studies on the SON protein have focused mainly on cancer [13], with not much
attention given to its role in fat metabolism. Therefore, it would be valuable to explore
what role SON might play in this area.

In this research, we initially examined the expression of miR-889-3p in brown adipose
tissues. Using synthetic mimics and inhibitors of miR-889-3p, we characterized its role
in browning induction by observing changes in the mRNA and protein expression of
heat-producing marker genes and Oil Red O staining. The potential interaction mechanism
between miR-889-3p and SON was explored through bioinformatics analysis and luciferase
reporter gene determination. Finally, we knocked down SON using siRNA to further verify
its role in the browning of white adipocytes.

2. Results

2.1. miR-889-3p Promotes Rabbit Preadipocyte Proliferation

In a prior study, we collected brown fat from the interscapular of Tianfu black rabbits
at 0 days, 15 days, 85 days, and 2 years. We observed that the brown fat tissue at 0 days
exhibited a classical brown fat structure with multi-chambered and small fat droplets,
while the interscapular fat tissue at 2 years demonstrated a typical white fat structure with
a single chamber and large fat droplets [14]. Intriguingly, according to our previously
performed RNA-seq data, miR-889-3p was significantly downregulated during the natural
growth of brown fat [14]. This finding was corroborated by PCR results (Figure 1A). These
observations suggest that miR-889-3p may play a role in the browning of white adipose
tissue. However, existing research on miR-889-3p primarily centers on tumor- and cancer-
related fields. The effect of miR-889-3p on adipose tissue is still unknown. Our initial step
was to investigate the evolutionary conservation of miR-889-3p across different species.
Interestingly, we found that the sequence of miR-889-3p was 100% conserved (Figure S1).
To delve into the role of miR-889-3p within adipose tissue, we first transfected miR-889-3p
into white precursor adipocytes and assessed its transfection efficiency. RT-qPCR results
revealed that the expression of miR-889-3p in the mimic group was significantly elevated
compared to the control group (Figure 1B). CCK-8 assay results demonstrated that cell
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viability significantly improved following the overexpression of miR-889-3p (Figure 1C).
Furthermore, cell cycle analysis via flow cytometry indicated that the overexpression
of miR-889-3p resulted in fewer cells being stalled in the G0/G1 phase and more cells
progressing to the S phase (Figure 1D,E). These findings suggest that miR-889-3p can
stimulate rabbit preadipocyte proliferation.

Figure 1. Effect of miR-889-3p on proliferation of rabbit white precursor adipocytes. (A) Relative
expression of miR-889-3p in white and brown tissues. (B) Cell viability after overexpression of
miR-889-3p. (n = 5). (C) Transfection efficiency of miR-889-3p. (D,E) Cell cycle changes by flow
cytometry and digital conversion histogram. The red color represents the miR-889-3p mimic, while
white represents the control group. The difference was significant (* p < 0.05).

2.2. Establishment of the Browning Induction of Rabbit White Preadipocytes In Vitro

To investigate whether miR-889-3p plays a role in the browning of white adipose tissue,
we initially established an in vitro browning induction of rabbit white preadipocytes. As
depicted in Figure 2A, with the progression of browning induction days, the cell morphol-
ogy gradually transitioned from spindle-shaped to slender. The lipid droplets within the
cells increased over time, and the garland-like lipid droplets around the nucleus clustered
together, distributing evenly across the cell culture plate. The quantitative results of Oil
Red O staining are presented in Figure 2B. During browning induction, the absorbance (at
OD value = 510 nm) displayed a significant upward trend. Moreover, the expression of
thermogenic marker genes UCP1, PPARα, PGC1α, PRDM16, C/EBPα, CIDEA, PPARα,
and TMEM26 were significantly upregulated, as confirmed by RT-qPCR (Figure 2C–J).
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These findings suggest that the browning induction of rabbit white preadipocytes was
successfully established. Notably, miR-889-3p was also significantly upregulated during
browning induction (Figure 2K).

Figure 2. Establishment of browning induction of rabbit white preadipocytes invitro. (A) Oil Red O
staining pictures of cells on days 0, 2, 4, 6, and 8 of browning induction. (B) Quantitative results of
Oil Red O staining. (C–J) Expression of thermogenic marker genes (UCP1, PPARα, PGC1α, PRDM16,
C/EBPα, CIDEA, PPARα, and TMEM26) in browning induction. (K) Expression of miR-889-3p in
browning induction. The difference was significant (* p < 0.05).

83



Int. J. Mol. Sci. 2023, 24, 17580

2.3. The Overexpression of miR-889-3p Promotes the Browning of Rabbit Precursor
White Adipocytes

To examine the impact of miR-889-3p on the browning of rabbit white precursor
adipocytes, we transfected miR-889-3p into the cells. The Oil Red O staining results,
displayed in Figure 3A, revealed that the number of fat droplets in the mimic group was
significantly greater than that in the control group, with a notable increase in the number
of large fat droplets. The quantification of fat droplets aligned with these observations
(Figure 3B). As shown in Figure 3C,E,F, thermogenic marker genes such as UCP1, PPARα,
and PRDM16 were significantly upregulated in the overexpression group compared to the
control group during browning induction. Further protein analysis by Western blotting
showed that UCP1 protein expression in the mimic group surpassed that in the control
group (Figure 3D). These findings suggest that the overexpression of miR-889-3p can
facilitate the browning of rabbit precursor white adipocytes.

 
Figure 3. Effect of overexpression of miR-889-3p on browning of rabbit precursor white adipocytes.
(A) Oil Red O staining results of miR-889-3p mimic and control. (B) Oil Red O quantification results.
(C) Expression of UCP1 after transfection with mimic and control. (D) Protein content results of
UCP1 in cells on the third day of induction after transfection with mimic and control by Western
blotting. (E,F) Expression of CIDEA and PRDM16 after transfection with mimic and control. The red
color represents the miR-889-3p mimic, while white represents the control group. The difference was
significant (* p < 0.05).

2.4. The Inhibition of miR-889-3p Expression Inhibits the Browning of Rabbit Precursor
White Adipocytes

To further validate the influence of miR-889-3p on the browning of rabbit white
precursor adipocytes in vitro, we performed transfection with a synthetic miR-889-3p
inhibitor to suppress the expression of endogenous miR-889-3p. Following transfection,
the number of fat droplets in the inhibitor group was significantly fewer than that in the
inhibitor control group (Figure 4A), a finding consistent with the results of fat droplet
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quantification (Figure 4B). On the sixth day of browning induction, the expression of UCP1,
PPARα, and PRDM16 mRNA in the inhibitor group was significantly lower than that in the
inhibitor control group (Figure 4C–E). These findings suggest that inhibiting miR-889-3p
expression impedes the browning of rabbit precursor white adipocytes.

 
Figure 4. Effect of inhibition of miR-889-3p on browning of rabbit precursor white adipocytes.
(A) Oil Red O staining results of miR-889-3p inhibitor and control. (B) Oil Red O quantification
results. (C–E) Expression of UCP1, CIDEA, and PRDM16 after transfection with inhibitor and control.
The blue color represents the miR-889-3p inhibitor, while white represents the control group. The
difference was significant (* p < 0.05).

2.5. The Effect of Inhibiting the SON Gene on the Browning of Rabbit White Precursor Adipocytes
In Vitro

To uncover the potential mechanism of miR-889-3p in the browning of rabbit precursor
white adipocytes, we predicted the target gene of miR-889-3p using the miRanda. Our
findings suggested that the SON gene could be a potential target. The luciferase reporter
assay indicated that miR-889-3p could bind to the SON 3′UTR-WT region, but not to the
SON 3′UTR-MUT region (Figure 5A). Furthermore, the overexpression of miR-889-3p could
suppress SON gene expression, while the inhibition of miR-889-3p could enhance SON
gene expression (Figure 5B,C). Further protein analysis by Western blotting showed that
SON protein expression in the mimic group surpassed that in the control group (Figure 5D).
These findings imply that SON is a target of miR-889-3p.
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Figure 5. Effect of inhibiting SON gene on browning of rabbit white precursor adipocytes in vitro.
(A) Luciferase assays were performed by co-transfection of SON WT and mutant plasmids with
miR-8889-3p mimic and control (B,C) Expression of SON transfection with miR-889-3p mimic and
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inhibitor, respectively. (D) Protein content results of SON in cells after transfection with mimic and
control by Western blotting. (E) Transfection efficiency of si-SON. (F) Oil Red O staining results
of si-SON and NC. (G) Oil Red O quantification results. (H–J) Expression of UCP1, PGC1α, and
C/EBPα after transfection with si-SON and control. The red color represents the miR-889-3p mimic,
blue represents the miR-889-3p inhibitor, pink represents si-SON, and white represents the control
group. The difference was significant (* p < 0.05).

To examine the influence of SON on the browning of rabbit white precursor adipocytes,
we utilized synthetic siRNA to inhibit endogenous SON. PCR results demonstrated that the
SON gene content in the si-SON group significantly decreased when the SON interference
analog was transfected, and browning was induced on the third day (Figure 5E). Oil
Red O staining indicated that the quantity of lipid droplets in the si-SON group was
significantly greater than that in the control group (Figure 5F). The quantification outcomes
were in line with the staining results, with the si-SON group significantly surpassing the
control group (Figure 5G). Thermogenic marker gene mRNA expression was assessed
by RT-qPCR. The results revealed that UCP1, PGC1α, and CEBPA in the si-SON group
were significantly higher than those in the control group on the second and sixth days
of browning (Figure 5H–J). Taken together, these findings suggest that miR-889-3p can
enhance white adipose browning by targeting SON.

3. Discussion

In this study, we gathered primary white fat cells from around the kidneys of rabbits
and utilized DEX, Ins, IBMX, Rosi, T3, and ISO to induce the browning of white fat precur-
sor cells. The induction method followed in this experiment was based on the browning
induction method of Asano et al. [15] The browning of white precursor adipocytes essen-
tially results from a highly sequential and precise regulation of gene expression, indicating
that changes in the expression of specific genes can determine the adipocyte browning
process. Hence, quantitatively detecting changes in the expression of thermogenic marker
genes is a critical means of monitoring the browning process of white precursor adipocytes.
In this experiment, we utilized RT-qPCR to measure the expression levels of thermogenic
marker genes UCP1, PPARα, C/EBPα, PGC1α, and CIDEA at 0, 2, and 6 days, respec-
tively. We found a significant upregulation in the expression of these thermogenic marker
genes, consistent with previous research findings. The experimental results showed that
the mRNA levels of heat-producing marker genes UCP1, CIDEA, PGC1α, and C/EBPα
detected by PCR were significantly upregulated, aligning with the browning results of
3T3-L1 cells induced by Asano et al. [15]. Brown adipocytes are characterized by a high
number of mitochondria within them, a trait shared by beige fat induced from white fat [16].
The mitochondrial membrane contains UCP1, which is almost exclusive to brown and
beige fat cells. UCP1 is a proton transport protein that enables protons to leak through the
mitochondrial inner membrane and dissipate and is typically used for the ATP synthesis of
electrochemical gradients [17]. Over 50% of cell respiration in brown and beige adipocytes
is related to the ATP synthesis electrochemical gradient [16,18]. It is noteworthy that com-
pared to white fat, PGC1α is highly expressed in brown fat, which is primarily associated
with cAMP-dependent thermogenesis in brown fat [19,20]. cAMP is the key second mes-
senger of brown fat function and stimulates the level of key thermogenic factors. Hence,
PGC1α can regulate mitochondrial biogenesis, adaptive thermogenesis, and oxidative
metabolism in brown and beige fat. It associates with the PPARα complex and activates
UCP1 expression by binding to PPARα response elements in the UCP1 promoter [21].
Moreover, PGC1α can activate the adaptive thermogenic gene program when expressed in
white adipocytes [22,23].

Through transcriptome analysis, Seale et al. demonstrated that the expression level
of C/EBPα in a brown fat pool was lower than that in a white fat pool. However, during
the construction of this experimental induction, C/EBPα expression was significantly up-
regulated. This may suggest that browning induction did not impede the differentiation
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process of white adipocytes but occurred concurrently with browning [24]. Compared to
white adipocytes, PRDM16 is selectively expressed in brown adipocytes and can enhance
mitochondrial gene expression and mitochondrial density. The expression of UCP1 and
PGC1α is further enhanced by cAMP, which strengthens the typical characteristic of brown
adipocytes: uncoupled respiration. Importantly, PRDM16 activates the brown fat differ-
entiation process in cultured white preadipocytes [24].CIDEA is a lipid droplet-related
protein. Previous studies have shown that CIDEA is highly expressed in brown and beige
adipocytes, but it was unexpectedly found that CIDEA acts as a heat-generating inhibitor
at the molecular level [25]. Therefore, the results demonstrated that white preadipocytes
treated with Dex, Ins, IBMX, Rosi, T3, and ISO were closer to mature beige adipocytes and
had undergone a certain degree of browning.

miR-889-3p acts as a promoter of preadipocyte browning. Increasing research evidence
indicates that miRNA, a type of short-chain non-coding RNA, can regulate the browning
process of preadipocytes by targeting key genes that control white precursor fat [26–30]. In
this study, we initially established an in vitro browning induction of rabbit white precursor
adipocyte and measured the expression levels of miR-889-3p in the browning induction.
The findings revealed a significant upregulation trend in miR-889-3p expression within the
browning induction. Consequently, we further investigated the specific mechanism of miR-
889-3p in the in vitro browning process of rabbit white precursor adipocytes. In previous
research, Tan et al. discovered that following the overexpression of miR-669a-5p, there was
a significant increase in UCP1, PGC1α, and other genes at both mRNA and protein levels.
Therefore, they proposed that miR-669a-5p could promote preadipocyte browning [31].
Sun et al. suggested that miR-27 could inhibit preadipocyte browning by targeting the
expression of PRDM16, PPARα, and PGC1α [32]. In our study, the overexpression of miR-
889-3p demonstrated an increase in lipid droplets through Oil Red O staining. This was
accompanied by an increase in the expression of thermogenic marker genes UCP1, CIDEA,
and PRDM16 at the mRNA level. Western blot results showed a corresponding increase
in the expression of UCP1 at the protein level. Conversely, the inhibition of miR-889-3p
expression yielded opposite results. Thus, we posit that miR-889-3p acts as a promoter of
preadipocyte browning.

In this study, the SON gene was confirmed to be the target gene of miR-889-3p through
the dual-luciferase reporter gene method. The findings demonstrated that miR-889-3p
could negatively regulate the expression of the SON gene. SON is an RNA-binding protein
that acts as an mRNA splicing cofactor by promoting the efficient splicing of transcripts
that possess weak splice sites [33]. Prior research on SON primarily focused on its role
in cancer [34–37]. However, recent studies have revealed that when SON expression was
knocked down, there was a significant decrease in viral particles colocalized in the late
endosome labeled by CD63 (cluster differentiation 36) [38]. CD36 is a scavenger receptor
involved in the high-affinity tissue uptake of long-chain fatty acids (FAs), and it promotes
lipid accumulation and metabolic dysfunction under conditions of excessive fat supply [39].
Febbraio et al., in their study of CD36-deficient mice, found that these mice had normal
lifespans, but fasting levels of cholesterol, non-esterified free fatty acids, and triacylglycerol
were significantly elevated [40]. Thus, SON may play an indirect role in regulating the
browning process of precursor adipocytes.

4. Materials and Methods

4.1. Animal Tissues and Sequencing

Male rabbit interscapular fat was taken for 0, 15, and 85 days and 2 years, respectively.
The fat was sequenced by microRNA to detect the content of miR-889-3p in the tissue. The
surplus tissue in liquid nitrogen was ground for the subsequent extraction of tissue cDNA
and the content of miR-889-3p was detected by qPCR.
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4.2. Cell Culture and Browning Induction

The primary preadipocytes were collected in the perirenal area of male Tianfu black
rabbits using the method described earlier [41]. Briefly, preadipocytes were harvested
from the perirenal adipose tissue of Tianfu black rabbits under sterile conditions. The
tissues were immersed in PBS with 4% penicillin-streptomycin (Gibco) in a 6-well plate,
with connective tissues and blood vessels meticulously excised. After triple washing with
PBS, the adipose samples were enzymatically dissociated in a 15 mL centrifuge tube with
0.1% type I collagenase (Gibco, Carlsbad, CA, USA) at 37 ◦C for 1 h, with agitation at
15 min intervals. Digestion was neutralized with an equal volume of complete growth
medium, followed by sequential filtration through 40 nm and 70 nm cell sieves. The
isolated preadipocytes were then cultured in a T25 flask at 37 ◦C and 5% CO2, with
media refreshment every 1–2 days. Cells were passaged upon reaching 70–80% confluence.
To stimulate the browning of rabbit white precursor adipocytes, we supplemented a
high glucose medium with dexamethasone (5 mM; Sigma, Shanghai, China), insulin (0.5
mg/mL; Sigma, Shanghai, China), isobutyl-methyl-xanthine (0.5 mM; Sigma, Shanghai,
China), rosiglitazone (1 mM; Sigma, Shanghai, China), triiodothyronine (T3) (1 nM; Sigma,
Shanghai, China), and isoproterenol (ISO) (10 μM; Sigma, Shanghai, China). The specific
culture protocol was as follows: inoculate cells into 12-well plates, 6-well plates, or culture
dishes, and incubate at 37 ◦C in a 5% CO2 cell incubator. Replace the growth medium every
two days. Once the cell density reaches 80–90%, discard the growth medium, rinse the
cells twice with preheated 37 ◦C PBS, and introduce a new growth medium containing 10
μg/mL insulin, 0.5 mM IBMX, 1 μM dexamethasone, and 50 nM T3 for a two-day culture
period. Subsequently, rinse the cells twice with preheated 37 ◦C PBS and add a growth
medium containing 5 μg/mL insulin, 0.5 mM IBMX, 1 μM rosiglitazone, and 50 nM T3
for a four-day culture period. Then, cleanse the cells twice with preheated 37 ◦C PBS
and introduce a growth medium containing 0.5 mM IBMX, 1 μM rosiglitazone, and 50
nM T3 for an additional two-day culture period. Prior to each cell sample collection, ISO
should be added to the culture for an advanced incubation period of 4 h. During this time,
monitor the morphological changes in white precursor adipocytes and the formation and
accumulation of lipid droplets to assess the adipogenic differentiation potential of white
precursor adipocytes and lipid droplet formation.

4.3. RNA Extraction and RT-qPCR

The Foregene (Fuji Biotechnology Co., Ltd., Chengdu, China) RNA extraction kit was
used to extract cell RNA. Then, the reverse transcription kit was used to obtain the cell
cDNA. The sample was diluted 2–3 times for qRT PCR detection. All primer information is
shown in Table 1.

4.4. Oil Red O Staining

After removal of the culture medium, samples were then fixed with 10% formaldehyde
at room temperature and rinsed three times with PBS. To stain the lipids in the adipocytes,
the cells were treated with filtered Oil Red O solution for 20 min and rinsed twice with PBS.
The resulting red-stained lipid droplets were observed microscopically and extracted with
isopropanol. The absorbance was measured at 540nm to quantify the residual fat content
within the adipocytes.

4.5. Cell Transfection

The preadipocytes were inoculated into a 12-well or 6-well plate and transfected
with Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions after the cell density reached 90%. The final concentrations of the negative
control miRNA mimic (NC miR Mimic), negative control inhibitor (NC inhibitor), and
negative control SON siRNA (siRNA NC) were 50 nM, 100 nM, and 100 nM, respectively.
Each treatment group was repeated three times independently. After transfection, cells
were harvested at different time intervals to study the browning of fat.
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Table 1. All primer information.

Gene Name Primer Sequence (5′-3′)

ACTB
GTGCTTCTAGGCGGACTGTT
CGGCCACATTGCAGAACTTT

UCP1
CCGGGACAATATGCGAGTGT
CACAGTCCACAGTCTGCCTT

PRDM16
CCCCGGAAGAACCACGTCTA
TCTCCACCCTGCTGTAGATGG

C/EBPα
CAAGAACAGCAACGAGTACCG
GTCACTGGTCAACTCCAGCAC

CIDEA
TAGGGGACAACACGCACTTC
CTCTGGCGATTCCCGATCTC

PPARα
ACAGGATTGATGCTGCCGAA
AAACGGATGTGCTGCCCTAA

PGC1α
AAAAGCTTGACTGGCGTCAC
ACTGCACCACTTGAGTCCAC

TMEM26
TCTATGCCATTCTAATTTTATGGACTTGG

GATGAAGACGCTGATTCCAATGTTCC

PPARg GAGGACATCCAGGACAACC
GTCCGTCTCCGTCTTCTTT

SON
ACAGCAGTAGTGCCGAAGTC
TGGCTCTAGGGCTTTTGCTC

miR-889-3p TTAATATCGGACAACCATTGT
GGAACGATACAGAGAAGATTAGC

U6
GGAACGATACAGAGAAGATTAGC

TGGAACGCTTCACGAATTTGCG

4.6. Western Blotting

CIDEA and UCP1 expression was assessed by Western blot analysis and samples were
normalized to β-actin. Protein extraction was blocked with 5% PBS fat-free dried milk
at room temperature for 2 h and incubated at 4 ◦C overnight with anti-CIDEA (1:1000,
Abcam), anti-UCP1 (1:1000, Abcam), anti-IgG (1:2000, Abcam), and anti-β-actin (1:3000,
Santa Cruz) antibodies, respectively.

4.7. Cell Cycle Analysis

After 72 h of transfection, the cells were harvested first and then the cell suspension
was digested. Then, the cells were fixed with ethanol (75%) at 4 ◦C for 4 h; then, the
supernatant was discarded and the cells were incubated with an RNA enzyme containing
iodide (PI, 40%, Sigma Aldrich). After washing cells with PBS three times, 5 μL of Annexin
V-FITC and 10 μL of PI were added and mixed with cells in the dark for 5 min. Finally, the
cell cycle was detected by using FACS Calibur (BD Biosciences, USA), and data analysis
was conducted through FACS Diva (BD Biosciences, USA). The experiment was repeated
three times.

4.8. Cell Counting Kit-8 Assay

Cell count kit 8 was used for CCK8 determination (Beyotime, Shanghai, China). In
short, cells were seeded on 96-well plates. To test cell viability, a CCK8 reagent was added
to each well and incubated at 37 ◦C for 2 h. Then, the absorption was evaluated with a
microplate reader at 450 nm.

4.9. Validation of the Target Gene by Double Luciferase Report

miRanda was used to predict the target gene of miR-889-3p. SON was found to be the
target gene of miR-889-3p. 3′UTR of SON containing the miR-889-3p target site was cloned
into the Sac I-Xba I site of the pmirGLO vector (Promega, Madison, WI, USA) to construct
luciferase report plasmid. Several cloning sites were located downstream of the luciferase
gene of firefly. HeLa cells were inoculated into 24-well plates in triplicate. Then, wild-type
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or mutant pmirGLO SON 3 ′ UTR and synthetic miR-889-3p analogs were co-transfected
into HeLa cells to achieve a cell density of 70–80%. The activity of firefly luciferase (luc2)
was measured 48 h after transfection and, according to TransDetect® Description of the
dual luciferase report kit (Transgen, Beijing, China), standardized to Renilla lucifer.

4.10. Statistical Analyses

The relative expression amount of all genes and miRNAs in this test was compared
by the 2-ΔΔCT method. The experimental results were analyzed by single-factor ANOVA
using SAS 9.0 software, and multiple comparisons were performed using the Duncan
method. The experimental data were expressed as the mean ± SEM. The difference was
significant at * p < 0.05.

5. Conclusions

In conclusion, our research indicates that miR-889-3p not only stimulates proliferation
in rabbit preadipocytes but also promotes the browning of white adipose tissue by targeting
SON. Further investigations are warranted to elucidate the role and mechanisms of SON in
the browning process of precursor adipocytes.
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Abstract: Bombyx mori was domesticated from Bombyx mandarina. The long-term domestication of
the silkworm has brought about many remarkable changes to its body size and cocoon shell weight.
However, the molecular mechanism underlying the improvement in the economic characteristics
of this species during domestication remains unclear. In this study, we found that a transposable
element (TE)—Bm1—was present in the upstream regulatory region of the Mlx (Max-like protein X)
gene in wild silkworms but not in all domesticated silkworms. The absence of Bm1 caused an increase
in the promoter activity and mRNA content of Mlx. Mlx and its partner Mondo belong to the bHLHZ
transcription factors family and regulate nutrient metabolism. RNAi of Mlx and Mondo decreased
the expression and promoter activity of glucose metabolism-related genes (trehalose transport (Tret),
phosphofructokinase (PFK), and pyruvate kinase (PK)), lipogenic genes (Acetyl-CoA carboxylase (ACC) and
fatty acid synthase (FAS)), and glutamine synthesis gene (Glutamine synthase 2, (GS2)). Furthermore, the
transgenic overexpression of Mlx and Mondo in the fat body of silkworms increased the larval body
size, cocoon shell weight, and egg number, but the silencing of the two genes resulted in the opposite
phenotypes. Our results reveal the molecular mechanism of Mlx selection during domestication and
its successful use in the molecular breeding of Bombyx mori.

Keywords: silkworm; domestication; transcription factor; Mlx; Mondo

1. Introduction

The domesticated silkworm, Bombyx mori, is the only truly domesticated lepidopteran
insect [1,2], and has important economic value. The gene recombination rate and polymor-
phism of domesticated silkworms have decreased, and the homozygosity of domesticated
silkworms has increased during more than 5000 years of purposeful selection [3,4]. Long-
term domestication leads to remarkable changes in body color and size [5], however, the
molecular mechanism responsible for these improvements remains unknown. Many works
have revealed that transposable elements (TEs) play important roles in building eukary-
otic genome evolution and function, after McClintock B. proposed for the first time that
transposable genes control the color of maize grains [6–8]. TEs constitute an important
part of the genome of most multicellular eukaryotes and can profoundly affect their evolu-
tion [9]. For example, in plants, the insertion of hopscotch transposon causes corn straw to
change from multiple branches to single branches [10]. Blood orange takes advantage of a
Copia retrotransposon adjacent to a gene-encoding Sicilian Ruby-related anthocyanin [11].
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Many studies on TE movement and function in metazoans have been documented in
Drosophila [12,13]. In animals, TE insertions are associated with body size and alteration in
the hair color of dogs and cats [14–17]. In Bombyx mori, the Taguchi transposon retained
during domestication is located in the regulatory region of the ecdysone oxidase gene (EO)
and enhances its expression, inhibiting the premature maturation of larva [18]. However,
more cases of TE in Bombyx mori domestication are still needed.

Sugar provides energy for the normal physiological activities of multicellular organ-
isms and is the basis for the survival and reproduction of organisms. There are other
regulatory factors along with the insulin pathway involved in the effect of sugar on or-
ganisms and cells [19]. Some studies show that Mondo-Mlx can sense phosphorylated
hexoses such as glucose-6-phosphate in cells [20–22]. The transcription factors Mlx and
Mondo belong to the bHLHZ family [23–26]. MondoA and ChREBP (carbohydrate re-
sponse element-binding protein, MLXIPL, or MondoB) are paralogs in mammals in which
MondoA is mainly expressed in the skeletal muscle [24], while ChREBP plays a role in the
liver, adipose tissue, and pancreatic β cells [26–28]. In invertebrates, there is generally a
single ortholog called Mondo.

Mondo-Mlx binds to the ChoRE (carbohydrate response element) motif as heterodimers
to regulate most of the global glucose-induced transcriptional responses and many of their
target genes involved in carbohydrate, lipid, and amino acid metabolism [29–36]. These
target genes include Phosphofructokinase 2 (PFK2), Aldehyde dehydrogenase type III (Adh III),
Glucose-6-phosphate dehydrogenase (G6PD), FAS, ACC, GS2, and so on in flies [29–34,36,37].
Meanwhile, Mondo-Mlx regulates sugar transport GLUT and the carbohydrate digestion
gene Amy-p [33]. In addition, Mondo-Mlx can also indirectly regulate transcription factors
to modulate metabolic homeostasis. The Krüppel-like transcription factor Cabut, a Mondo-
Mlx target, inhibits pepck and the circadian cycling of metabolic genes to coordinate energy
metabolism and the circadian clock in response to sugar sensing [31,38]. Moreover, Mondo-
Mlx regulates the Activin ligand Dawdle and Gli-Similar transcription factor Sugarbabe to
mediate organismal sugar sensing [33].

In order to clarify the biological roles of Mondo-Mlx, many studies have been car-
ried out using loss-of-function organizations or individuals. The lifespan of C. elegan is
shortened by a lack of mml-1(Mondo) or mxl-2(Mlx) [39]. Mlx null mutant flies display
dramatic sugar intolerance, including delayed pupation and reduced pupal survival on a
high-sugar diet [31]. ChREBP−/− mice have difficulty surviving on a high-sugar diet [40].
ChREBP/MondoA-Mlx is associated with metabolic disease disorders in humans. A novel
short ChREBP isoform (ChREBPβ) is related to circulating triglyceride levels, and decon-
trolled ChREBP is involved in severe obesity in adipose and liver tissue [41–43]. In other
reports, ChREBP plays a key role in maintaining fructose tolerance in liver and intestine
tissues [44,45]. Moreover, ChREBP/MondoA-Mlx is involved in regulating metabolic pro-
cesses related to the proliferation of cancer cells and tumorigenesis by deregulating the
Myc oncogene [46–49].

The absorption and utilization of carbohydrates by organisms require the coordina-
tion of a variety of biological processes, including gene regulation and protein–protein
interactions in metabolic networks. The effective utilization and transformation of nutri-
ents in mulberry leaves by silkworms not only form the material basis for growth and
development but also influence the yield of cocoons and eggs in silkworms. Silkworms
absorb carbohydrates from mulberry leaves to consume them as energy and synthesize
storage carbohydrates, such as glycogen, lipids, and chitin. The absorption and utilization
of nutrients in mulberry leaves are important traits in sericulture production, and their
regulation network exists under the pressure of artificial selection. Previous studies have
shown that the key transcription factor Mlx regulating carbohydrate metabolism, is located
in the genomic regions of domesticated selection signals, indicating that Mlx may have
been selected [5,50,51].

In this study, we explored the molecular adaption of the transcription factor Mlx in
the process of silkworm domestication, and investigated the physiological functions of the
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Mondo-Mlx complex in the fat body of silkworms. We observed the presence of a TE (Bm1)
in the upstream regulatory region of Mlx in wild silkworms, contrasting its total absence
in the domesticated silkworm strains. The absence of Bm1 in the upstream regulatory
region may be involved in inhibiting Mlx, probably due to removing the repression of
Cabut. The upstream region of Mlx is selected during domestication and TE is removed in
domesticated silkworms. Mlx and Mondo also regulate metabolic genes and transcription
factors in silkworm. We generated transgenic knocking down and overexpression strains
in silkworm to better study the physiological roles of Mondo-Mlx. Mondo-Mlx is related to
the individual size of silkworms, the quality of cocoons, and the number of silkworm eggs.
Overexpressing Mlx or Mondo can increase the content of triglyceride, increase the mass of
the fat body, and thus improve the weight of silkworms and economic characteristics. Inter-
fering with Mlx or Mondo reduces the weight of silkworms and their quality of economic
characteristics. Our works suggest that the domestication gene Mlx and its partner Mondo
can be used as molecular targets to promote growth and production in silkworm breeding.

2. Results

2.1. Domestication Selection Analysis of a TE Deletion in the Upstream Regulatory Region of Mlx
Gene in Domesticated Silkworm

According to the analysis of the resequencing results of domesticated and Chinese
wild silkworm strains, it was predicted that Mlx is one of the domestication candidate
genes [5,50,51]. To study the differences in and the role of the Mlx gene between domesti-
cated and wild silkworms, further research was carried out. We amplified the upstream
region of the Mlx translation start codon (~1000 bp) from four domesticated and two wild
strains. There was a single fragment (~1000 bp) in all domesticated silkworms, however,
another longer fragment (~1500 bp) appeared in wild silkworms (Figure 1a). We found that
there was no short band in lane 2 of WS1 and no long band in lane 1 of WS2. We speculate
that if the genome of wild silkworm is homozygous, there is only a long band, and when
the genome is heterozygous, short and long bands will appear. We sequenced the short
and long fragments from these six strains. The major difference between the sequences
from domesticated and wild silkworms is the existence of an approximately 450 bp (in W1
and W2) fragment. This 450 bp fragment was predicted to be a short interspersed nuclear
element (SINE), Bm1 (Figure S1), located in ~380 bp upstream of the transcription start site
(TSS) of the Mlx gene (Figure 1b). The amplified sequences are shown in Figure S2. The
results shown that a retrotransposon was absent in the upstream regulating region of the
Mlx gene in domesticated silkworms. Thus, the retrotransposon deletion might be adaptive
during domestication.

We searched for the domestication selection signatures in the upstream region of
Mlx translation start codon to determine the deletion of TE in domesticated silkworms
(eighteen domesticated and four wild silkworm strains, Table S1). In this region, the
polymorphism was lower in the domesticated strains (0.00842 vs. 0.01751), and the poly-
morphism was also lower in the non-TE sequences (0.02301 vs. 0.06996) (Table 1). This
shows that the genetic diversity of domesticated silkworms was simpler than that of wild
silkworms in this region. Meanwhile, Tajima’s D value was negative (−2.62506) in do-
mesticated silkworms, but it was positive in wild silkworms (0.34000) (Table 1). This
indicates that this region was under pressure from directional selection and selective sweep.
This evidence indicates that the region that changes from wild silkworms to domesticated
silkworms is under pressure from directional selection, and the deletion of Bm1 is the result
of artificial domestication selection.
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Figure 1. Diversity and activity analyses of Mlx upstream regulatory sequence. (a) Cloning of Mlx up-
stream regulatory region in domesticated silkworms (DS1-4) and wild silkworms (WS1-2). (b) Diagram
of Mlx upstream regulatory region in domesticated and wild silkworms. (c) Comparing the expression
of Mlx gene in the 5th instar and pupal stage of the fat body in domesticated and wild silkworms. 5L1D:
the 1st day of the 5th instar, 5L2D: the 2nd day of the 5th instar, 5L3D: the 3rd day of the 5th instar,
5L4D: the 4th day of the 5th instar, 5L5D: the 5th day of the 5th instar, P1: the 1st day of the pupal
stage. (d) Activity of Mlx upstream regulatory region was examined via a dual-luciferase reporter assay
in domesticated and wild silkworms. (e) Presence of Bm1 repressed the transcriptional activity of the
Hsp70 promoter. Bm1 was inserted before the luciferase gene driven by the Hsp 70 promoter. (f–h) Bm1
decreased the expression of DsRed detected using semiquantitative PCR and Western blot. Bm1 was
inserted before the DsRed gene, driven by the A4 promoter. (i,j) Cabut affected the transcriptional
repression associated with Bm1. Decreasing the expression of Cabut increased the transcriptional activity
of the Hsp 70 promoter when Bm1 was present, increasing the expression of Cabut has the opposite effect.
(k) Treatment with 1 μM TSA can release the transcriptional repression associated with Bm1. Error bars
show the SD. Significant differences: ** p < 0.01, *** p < 0.001.

Table 1. Nucleotide diversity and neutral test.

Test Set 5′-Flanking Region (~3 kb)

S π θw Tajima’s D Fu and Li’s D Fu and Li’s F

Domestic (n = 18) 232 0.00842 0.02202 −2.62506 −4.00135 −4.1804
Wild (n = 8) 123 0.01751 0.01622 0.34000 0.97307 0.92106

With TE (n = 4) 377 0.06996 0.06066 1.5464 1.56333 1.68282
Without TE (n = 4) 126 0.02301 0.02326 −0.35185 −0.27742 −0.31234

2.2. Retrotransposon Bm1 Is Involved in Modulating the Expression of Mlx

To confirm the fact that Bm1 deletion affected the expression of nearby genes, we
compared the expression of Mlx in the fat body of domesticated and wild silkworms. We
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found that the expression of Mlx was much higher in domesticated silkworms than wild
silkworms (Figure 1c). Moreover, the expression of some metabolism-related genes and
factors, such as ACC, FAS and Cabut, was higher in domesticated silkworms, which could
be regulated by Mlx (Figure S3). Then, we constructed luciferase reporter systems including
Mlx gene upstream sequences without Bm1 (-Bm1, in domesticated silkworm) or with Bm1
(+Bm1, in wild silkworm). The luciferase activity is higher in the sequences without Bm1
than in those with Bm1 (Figure 1d). To verify the universally and broad transcriptional
repression of Bm1, we utilized a luciferase reporter system containing Bm1 before the
Hsp70 promoter. The absence of Bm1 was associated with higher transcriptional activity of
the Hsp70 promoter, while its presence was associated with lower Hsp70 promoter activity
(Figure 1e). Moreover, this association was also supported by elevated transcription and
translation of DsRed (Figure 1f–h). The results shows that the presence of Bm1 was
associated with transcriptional repression.

We predicted the transcription factors binding to the Bm1 sequence to further clarify
how Bm1 is associated with transcriptional repression. We found six GC-rich motifs be-
tween the 25th and 35th bp of Bm1, representing a potential KLF10 (or SP1) transcription
factor binding site (Table S2). The KLF10/SP1 transcription factor is a kind of transcription
factor containing zinc finger structures in mammals [52–54]. KLF10/SP1 can recruit the
HDAC1-Sin3A complex and bind to GC-rich DNA region, leading the chromatin concen-
tration to inhibit the transcription of downstream genes [55–59]. The homologous protein
of the KLF10/SP1 transcription factor is Cabut in flies [38,60,61]. The luciferase activity
was increased after interfering with Cabut via RNAi when Bm1 was present, meaning that
the transcriptional repression associated with Bm1 was weakened (Figure 1i). In contrast,
the overexpression of Cabut produced the opposite result (Figure 1j). Acetylation and
deacetylation modifications of histones can affect gene expression. HAT (histone acetyl-
transferase) acetylates the histones, forming an “open” chromatin structure to facilitate
transcription. On the contrary, HDAC (histone deacetylase) deacetylates histones and
forms a closed structure in chromatin, leading to gene silencing [62–70]. Trichostatin A
(TSA) is a commonly used broad-spectrum inhibitor of HDAC family. TSA can strongly and
selectively inhibit HDAC. The inhibition of HDAC by TSA can increase histone acetylation
levels and lead to increased transcription levels of some genes [71,72]. After treatment
with TSA, the lesser repression in the presence of Bm1 in the upstream regulatory region
supports our hypothesis that additional deacetylation in Bm1 affects the gene expression
level (Figure 1k).

The above results show that Mlx and some metabolism-related genes were more
highly expressed in domesticated than in wild silkworms. The presence of Bm1 in the
regulatory region of Mlx is associated with repressing Mlx expression. This repression may
be mediated by Cabut binding and histone deacetylation.

2.3. Mondo-Mlx Regulates the Expression of Genes Related to Trehalose Transport and Glycolysis

Trehalose is the blood glucose of the silkworm, and its direct energy source [73]. The
trehalose transporter Tret can transfer trehalose to maintain the homeostasis of blood
glucose. After interfering with Mlx or Mondo (Figure 2a,b), we found that the expression of
Tret decreased (Figure 2c), and the transcriptional activity of the Tret promoter decreased
(Figure 2d). ChIP-PCR results showed that Mlx or Mondo could bind to the Tret promoter to
directly activate it (Figure 2e,f). This indicates that Mondo-Mlx is involved in the metabolic
homeostasis of blood glucose by regulating Tret and improving sugar tolerance.
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Figure 2. Mlx and Mondo regulate trehalose transport and glycolysis genes. (a,b) Verifying the
interference effects of Mlx or Mondo in BmNs cells by means of qRT-PCR. (c,d) Expression and
promoter transcriptional activity of Tret were reduced via RNAi of Mlx or Mondo in BmNs cells.
(e,f) Mlx or Mondo being bound to the Tret promoter was verified by ChIP-PCR. Specific primers
covering the ChoRE element of the Tret promoter for ChIP-PCR were designed. Genome fragments
were precipitated by Mlx or Myc antibodies after Mlx or Mondo-Myc overexpression. The IgG
antibody was used as negative control and RNA polyII antibody was used as the positive control.
(g,h) Expression and promoter transcriptional activity of PFK were decreased via RNAi of Mlx or
Mondo in BmNs cells. (i,j) ChIP-PCR confirmed Mlx or Mondo being bound to PFK promoter. See
above for experimental details. (k,l) RNAi of Mlx or Mondo decreased the expression and the promoter
activity of PK. Error bars show SD. Significant differences: * p < 0.05, ** p < 0.01, *** p < 0.001.

Previous research with mammals and flies has demonstrated that the downstream
target genes of ChREBP/MondoA-Mlx involve many intermediate enzymes of the gly-
colysis process [29,32–34]. In silkworm, the glycolytic pathway is like that of flies and
mammals. After knocking down Mlx and Mondo, the expression of PFK (Figure 2g) and PK
(Figure 2k) decreased, which were the key rate limiting enzymes in the glycolysis process.
The transcriptional activities of the PFK (Figure 2h) and PK (Figure 2l) promoter were
inhibited with a decrease in the expression of Mlx and Mondo. ChIP-PCR was used to verify
that Mlx and Mondo directly regulate PFK. The results shows that Mlx and Mondo can
directly bind to the promoter of PFK (Figure 2i,j), indicating that Mondo-Mlx is involved in
regulating glycolysis by activating PFK and PK.

2.4. Direct Regulation of Lipogenic Genes by Mondo-Mlx

As one of the three major nutrient types, fatty acids can not only provide energy for
organisms but are also the raw materials for synthesizing other substances. ChREBP-Mlx in
mammals and flies regulate transcription of the lipogenic genes ACC and
FAS [29–31,33,36,37]. When RNAi was performed for Mlx or Mondo in BmNs cells, the
expression of ACC was decreased, which is the rate-limiting enzyme in the fatty acid
synthesis pathway (Figure 3a). The result of dual-luciferase activity detection showed that
the transcriptional activity of the ACC promoter was repressed when the expression of
Mlx and Mondo was knocked down (Figure 3b). Next, we checked that Mlx and Mondo
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regulated ACC directly via ChIP-PCR. The results reveal that Mlx and Mondo can specifi-
cally immunoprecipitated the ChoRE motif of the ACC promoter, demonstrating that Mlx
and Mondo can directly bind to the ACC promoter (Figure 3c,d). Furthermore, EMSA
was carried out to prove the direct binding for Mlx in vitro. The result indicates that Mlx
can bind to the biotin probe in a dose-dependent manner (Figure 3e). This binding can
be competitively inhibited by unlabeled cold probes, and a mutated cold probe cannot
compete with this binding (Figure 3e). This indicates that Mondo-Mlx regulates ACC gene
by specifically binding to the ACC promoter.

Figure 3. Mondo-Mlx regulates the expression of lipogenic genes. (a,b) RNAi of Mlx or Mondo
reduced the expression and promoter transcriptional activity of ACC in BmNs cells. (c,d) ChIP-PCR
and ENSA with Mlx overexpression in BmNs cells. Specific primers covering the ChoRE element
of the ACC promoter were used for ChIP-PCR. Prokaryotically expressed Mlx-MsyB fusion protein
was purified, and specific biotinylated probe based on the ChoRE element of the ACC promoter for
EMSA was designed. (e) ChIP-PCR assay in BmNs cells with Mondo-Myc overexpression. Specific
primers covering ChoRE element of the FAS promoter were used. (f,g) Expression and promoter
transcriptional activity of FAS was decreased when Mlx or Mondo interfered with the shRNA in BmNs
cells. (h,i) ChIP-PCR assay of the direct binding of Mlx or Mondo to the ChoRE element of the FAS
promoter in BmNs cells. Error bars show SD. Significant difference: * p < 0.05, ** p < 0.01, *** p < 0.001.

Meanwhile, the expression of FAS, another rate-limiting enzyme gene in fatty acid
synthesis, was reduced after the RNAi of Mlx or Mondo (Figure 3f). Similarly, the dual-
luciferase reporter assay confirmed that the transcription activity of the FAS promoter
was decreased (Figure 3g). ChIP-PCR revealed that Mlx or Mondo could bind to the FAS
promoter (Figure 3h,i). These data together demonstrate that Mondo-Mlx activates the
expression of the lipogenic genes ACC and FAS in Bombyx mori.

2.5. Mondo-Mlx Regulates Directly the Expression of Glutamine Synthase 2

The non-essential amino acids glutamate and glutamine play an essential role in amino
acid and energy metabolism [74]. Mattila J. found that glutamate/glutamine biosynthetic
genes were induced by Mlx in high sugar feeding, and the promoter of the GS2 was bound
by Mlx in flies [33]. When interfering with Mlx or Mondo in BmNs cells, the expression

100



Int. J. Mol. Sci. 2024, 25, 3427

of GS2 was decreased (Figure 4a). The dual-luciferase reporter assay showed that GS2
promoter activity is regulated by Mlx and Mondo (Figure 4b). After the overexpression
of Mlx or Mondo-Myc, the ChIP-PCR results showed that genome fragments could be
immunoprecipitated by Mlx or Myc antibodies, respectively, and amplified a single specific
band (Figure 4c,d), indicating that Mondo-Mlx can specifically bind to the GS2 promoter.
The above results show that Mondo-Mlx can directly regulate the transcription of GS2,
thereby regulating the synthesis of glutamine. Taken together, the biosynthesis of glutamine
needs to be coordinated with sugar metabolism in order to maintain the optimal growth
state of silkworm. Mondo-Mlx is a central regulator in this process.

Figure 4. Mlx and Mondo are involved in regulation of GS2 expression. (a,b) RNAi of Mlx or Mondo
reduced the expression and promoter transcriptional activity of GS2 in BmNs cells. (c,d) Binding of
Mlx or Mondo to the ChoRE element of the GS2 promoter was examined by means of ChIP-PCR.
Error bars show SD. Significant differences: * p < 0.05, *** p < 0.001.

2.6. Mondo-Mlx Controls Cabut, Cycle and FAMeT5 Expression

In Drosophila, Mondo-Mlx activates the expression of Krüppel-like transcription fac-
tor Cabut [31,38], which can inhibit the expression of lipolysis, glycogenesis and glyc-
erol metabolism-related genes such as Brummer (Bmm), Phosphoenolpyruvate carboxykinase
(PEPCK), Fructose-1,6-bisphophase (FBP), and Glycerol kinase (Gyk) [38]. In addition, Cabut
is regulated by the core circadian clock protein Cycle [38] which can link the metabolism
regulation with the circadian rhythm. In BmNs cells, Mlx and Mondo were knocked down.
The qRT-PCR result showed that the expression of Cabut decreased with knocking down
Mlx or Mondo (Figure 5a), and the transcriptional activity of Cabut promoter was reduced
when Mlx or Mondo was decreased (Figure 5b). Moreover, ChIP-PCR analysis revealed
that Mondo-Mlx can bind the Cabut promoter to directly regulate Cabut (Figure 5c,d)
in silkworms.

In order to find new downstream target genes in silkworms, Mlx or Mondo was
knocked down in BmNs cells, and samples were sent for transcriptome sequencing. The
results show that the knock down of Mlx has 89 upregulated genes and 217 downregulated
genes (Table S3), while the RNAi of Mondo has 85 upregulated genes and 228 downregulated
genes (Table S4). There are 49 genes co-activated and 116 genes co-inhibited by Mlx and
Mondo (Figure S4, Table S5). We found that the core circadian clock gene Cycle (Table
S4, BGIBMGA003869) is one of the genes regulated by Mondo. When knocking down
Mondo via shRNA, the expression and promoter transcriptional activity of Cycle was
reduced (Figure 5e,f). Farnesoic acid O-methyltransferase (FAMeT) is considered to play a
catalytic role in the biochemical process of farnesoic acid (FA) being methylated to methyl
farnesoate (MF) in arthropods [75–77]. In our results, we found that FAMeT5 (Tables S3 and
S4, BGIBMGA006318) was also a target gene of Mlx and Mondo, and the transcription of
FAMeT5 was regulated by Mlx and Mondo (Figure 5g–i). In summary, we demonstrated
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that Mondo-Mlx regulated two transcription factor genes (Cabut and Cycle) and a potential
enzyme gene FAMeT5.

Figure 5. Effects of Mlx and Mondo on Cabut, Cycle and FAMeT5. (a) Knock down of Mlx or Mondo
repressed the expression of Cabut in BmNs cells. (b) When knocking down Mlx or Mondo in BmNs
cells, the transcriptional activity of Cabut promoter was inhibited. (c,d) Binding of Mlx or Mondo to
the Cabut promoter was examined by means of ChIP-PCR. (e) Decreased expression of Mondo led to
reduced expression of Cycle in BmNs cells. (f) Transcriptional activity of Cycle promoter was inhibited
when Mondo was reduced in BmNs cells. (g,h) Expression of FAMeT5 decreased after the knock down
of Mlx or Mondo in BmNs cells. (i) Knock down of Mlx or Mondo repressed FAMeT5 promoter activity
in BmNs cells. Error bars show SDs. Significant differences: * p < 0.05, ** p < 0.01, *** p < 0.001.

2.7. Manipulating the Expression of Mondo-Mlx Alters Body Size and Cocoon Weight

In order to investigate the biological function of Mondo-Mlx in individuals, we em-
ployed transgenic interfered and overexpressed vectors with a piggyBac (pBac) trans-
poson [78], and we obtained overexpressed and knocked down transgenic silkworms
(Figure S5). With the overexpression of Mlx or Mondo in the fat body, their target genes
were upregulated (Figures S6 and S7). According to the observations and phenotype
statistics, the larva body, pupal and cocoon size of the overexpression strain became larger
than those of WT (Figures 6a–d and 7a–d). The cocoon shell weight was increased in
the overexpression strain (Figures 6e and 7e). However, the cocoon shell ratio displayed
no significant differences (Figures 6f and 7f). After spawning, the number of eggs in the
overexpression strain was raised (Figures 6g,h and 7g,h). In addition, the cell size of the fat
body was larger in the overexpression strain (Figures 6i,j and 7i,j), and we found that the
triglyceride content increased significantly the overexpression strain (Figures 6k and 7k).
In sum, Mondo-Mlx can promote fat accumulation, increase fat mass, and improve the
economic characteristics of silkworms.

102



Int. J. Mol. Sci. 2024, 25, 3427

Figure 6. Effects of overexpression of Mlx (Mlx-OE) in transgenic silkworms. (a,b) Comparison
of body size and larval weight of wild-type silkworm (WT) and Mlx-OE on the fifth day of fifth
instar. (c–h): Investigation of pupal and cocoon size (c), pupal weight (d), cocoon shell weight (e),
cocoon shell ratio (f), and egg number between (g,h) Mlx-OE and WT. (i–k) Analysis of size (i,j) and
triglyceride content (k) of fat body cells in Mlx-OE and WT on the fifth day of the fifth instar. Error
bars show SD. Significant differences: ** p < 0.01; *** p < 0.001; NS, no significant difference.
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Figure 7. Phenotypic analysis of Mondo overexpression (Mondo-OE) in transgenic silkworms.
(a–h) Investigation of larval growth and body weight (a,b), pupal and cocoon size (c), pupal weight,
cocoon shell weight and ratio (e,f), and egg number (g,h) of Mondo-OE and WT. (i–k) Detection of size
(i,j) and triglyceride content (k) of fat body cells in Mondo-OE and WT on the fifth day of the fifth instar.
Error bars show SDs. Significant differences: ** p < 0.01; *** p < 0.001; NS, no significant difference.

Meanwhile, when Mlx or Mondo was knocked down in the fat body, target genes of
Mondo-Mlx were repressed (Figures S8 and S9), and the larvae became smaller in the knocked
down strain (Figures 8a,b and 9a,b). The pupae and cocoons also became significantly smaller
(Figures 8c and 9c). The weight of the pupa and cocoon shell decreased (Figures 8d,e and 9d,e),
but the cocoon shell ratio displayed no significant difference (Figures 8f and 9f). The number
of eggs was reduced in knocked down strain (Figures 8g,h and 9g,h). Moreover, the fat body
cell size of the knocked down strain was smaller than that of WT (Figures 8i,j and 9i,j), and the
triglyceride content of fat body cells decreased in the knocked down strain (Figures 8k and 9k).
In sum, the knock down of Mondo-Mlx can decrease fat mass accumulation and negatively
impact the economic characteristics of silkworms.
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Figure 8. Effects of Mlx knock-down (Mlx-KD) in transgenic silkworms. (a–h): Analysis of larval size
and weight (a,b), pupal and cocoon size (c), pupal weight (d), cocoon shell weight and ratio (e,f),
and egg number (g,h) between Mlx-KD and WT. (i–k) Test of size (i,j) and triglyceride content (k) of
fat body cells in Mlx-KD and WT on the fifth day of the fifth instar. Error bars show SD. Significant
differences: ** p < 0.01; *** p < 0.001; NS, no significant difference.
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Figure 9. Interference effect of Mondo (Mondo-KD) in transgenic silkworms. (a–h) Larval size and
weight (a,b), pupal and cocoon size (c), pupal weight (d), cocoon shell weight and ratio (e,f), and egg
number (g,h) between Mondo-KD and WT. (i–k) Measurement of size (i,j) and triglyceride content
(k) of fat body cells in Mondo-KD and WT on the fifth day of the fifth instar. Error bars show SDs.
Significant differences: ** p < 0.01; *** p < 0.001; NS, no significant difference.

3. Discussion

In the long-term process of domestication and selection, major changes have taken
place in the biological processes of domesticated silkworms, including energy metabolism.
Energy metabolism is the basic physiological process of silkworms and is an important
characteristic that affects the production of sericulture. Mlx, a factor of the regulatory
network for energy metabolism, is one of 354 candidate genes located in genomic regions
of selective signals [50], and is under pressure from artificial domestication and selection in
Bombyx mori. In this study, we found the domesticated molecular mechanism of Mlx. An
adaptive TE (Bm1) deletion in the upstream regulating region of the Mlx gene can increase
the expression of Mlx and the subsequent metabolism regulating genes in domesticated
silkworms. The transcriptional repression associated with Bm1 could be partly mediated
by Cabut and histone deacetylation. DNA methylation of Bm1 may also inhibit Mlx in wild
silkworms because a CpG island exists in Bm1 (Figure S10). Based on the above results,
we hypothesize that Mlx is involved in improving the individual growth and economic
characteristics of silkworms during domestication. Moreover, Bm1 has multiple copies in
the whole genome, and some are also inserted adjacent to the regulatory region of coding
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proteins [79,80], which may also alter the expression of nearby genes. Although this study
can provide an example of Bm1 affecting nearby genes, the exact effects of Bm1 relative to
other nearby genes must be examined further.

Previous studies have determined that Mondo-Mlx has preserved and physiological
significance in model animal mutants (Drosophila and Rattus) [31,40]. Much evidence has
also proven that the physiological function of Mondo-Mlx contributes to the regulation of
lipid, carbohydrate and amino acid metabolic genes in mice or flies [20,29–31,33,37,41,81].
Organisms can control the intake and excretion of nutrients to maintain nutrient homeostasis.
Our results reveal that Mondo-Mlx can control Tret, PFK, and PK involved in blood glucose
transport and glycolysis, potentially to balance sugar levels in circulation and to avoid
excessive sugar. It is speculated that FAMeT may not be the key enzyme in the JH biosynthesis
pathway in silkworms. FAMeT could be related to the absorption and digestion of nutrients
in the larval stage, and could be related to the transportation and excretion of metabolic
substances in the pupal stage [82]. Mondo-Mlx regulates FAMet5, potentially being involved
in nutrient absorption and digestion. We also confirmed that lipogenic genes (FAS and ACC)
are regulated by Mondo-Mlx. Glutamine provides biosynthetic materials for cell growth and
division. Glutamine is also an essential nitrogen source for the synthesis of non-essential amino
acids and nucleotides [74]. Mondo-Mlx is the intermediate linker of sugar and glutamine
metabolism by regulating the GS2 gene. Moreover, we found that not only does Cabut establish
coordinating nutrition metabolism and circadian clock, but also core the circadian clock gene
Cycle is regulated by Mondo-Mlx. Mondo-Mlx could play a central role in coordinating the
biological processes of nutrient metabolism and circadian rhythm through controlling Cabut
and Cycle. This further confirms the importance of Mondo-Mlx in energy metabolism and the
circadian rhythm pathway. To clarify the physiological function of Mondo-Mlx, we established
transgenic overexpressed and knocked down strains using a promoter mainly expressed in
the fat body. We found that Mondo-Mlx can promote fat accumulation, increase larval, pupal
and cocoon shell weight, and the number of eggs in order to improve economic characteristics
and reproduction.

In conclusion, through the comprehensive analysis of Mondo-Mlx, we investigated
the adaptive molecular mechanism during the domestication of Mlx. In domesticated
strains, the expression of Mlx increased and Mondo-Mlx upregulated genes related to
nutrient metabolism pathways. Thus, Mondo-Mlx may promote the metabolic utilization
of nutrients for growth and reproduction. Mondo-Mlx can coordinate the nutrition pathway
with other pathways such as circadian rhythm by regulating downstream genes in order
to maintain the link between a variety of complex physiological processes. There are
currently no reports on the functions of Mondo-Mlx in lepidoptera insects. Our research
reveals the biological functions of Mondo-Mlx for the first time in silkworms, although
bioinformatic analysis has been reported on Mlx and Mondo in Spodoptera litura, such
as phylogenetic analysis, chromosomal location, and expression profiles [83]. Our work
reveals the adaptive mechanism of gene and the exceptional role of gene regulation during
the domestication of Bombyx mori, as well as providing new targets for improved strains
through genetic breeding.

4. Materials and Methods

4.1. Statistics of Sequence Polymorphism and Neutrality Tests

All of the sequences were combined. The sequences were aligned using DANMAN
6.0 (https://www.lynnon.com/index.html, accessed on 7 February 2024). Polymorphism
parameters including S (the number of segregating sites), π (the mean number of nucleotide
differences per site), and θw (Watterson’s estimator of 4Nem) were analyzed using by
DnaSP 5.10 (http://www.ub.edu/dnasp/index_v5.html, accessed on 7 February 2024) [84].
To test deviation from the neutral evolution model and to reveal the evolutionary history
between the TE deleted or inserted in domesticated and wild silkworm strains, DnaSP 5.10
was utilized to analyze Tajima’s D test and Fu and Li’s D test.
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4.2. Cells Culture and Transfection

The BmNs cell line was maintained at 28 ◦C and cultured in TC-100 insect medium
(Gibco, Grand Island, NY, USA) containing 2 billion units per liter of penicillin and strepto-
mycin (Gibco, Grand Island, NY, USA), and 10% (v/v) fetal bovine serum (Gibco, Grand
Island, NY, USA). Cell transfection was conducted with at last 75% cell density. The
cells in each well were incubated for 6–8 h in a mixture with 1 μg of plasmid, 2 μL of
X-tremeGENE HP DNA Transfection Reagent (Roche, Mannheim, Germany), and TC-100
insect medium serum- and antibiotic-free, then we replaced the medium with serum and
antibiotics for 48 h at 28 ◦C before mRNA extraction, the luciferase assay or the chromatin
immunoprecipitation PCR (ChIP-PCR) assay.

4.3. Total RNA Extraction and Quantitative Real-Time PCR (qPCR)

Cells were collected after transfecting 48 h, and the total RNA was extracted using
TRIzol™ reagent (Invitrogen, Carlsbad, CA, USA). Total RNA was used as templates
for reverse transcription reaction. cDNA synthesis was performed to using the reverse
transcription kit (Promega, Madison, WI, USA). The primers used for qPCR were listed in
the Table S6. qPCR reactions were conducted in a 20 μL reaction volume with Takara TB
Green® Premix Ex Taq™ II (Takara, Dalian, Liaoning, China) by Applied Biosystems7500
(ABI, Carlsbad, CA, USA). The qPCR conditions were 95 ◦C for 1 min, and 40 cycles of
95 ◦C for 30 s, 95 ◦C for 3 s, and 65 ◦C for 30 s. The last step was a melting curve analysis
(from 65 to 95 ◦C with a slope of 0.1 ◦C/s). Each reaction was replicated at least three times.

4.4. Dual Luciferase Reporter Assay

Promoters of downstream genes were cloned into the pMD-19 vector (Takara, Dalian,
Liaoning, China) and then inserted into the pGL3-basic vector (Promega, Madison, WI,
USA). The primers used for cloning were listed in the Table S7. We constructed a shRNA
interference vector containing a specific 21 bp fragment initiated by U6 using the method
designed by Tanaka [85] (GFP: GAAGGTTATGTACAGGAAAGT, Mlx: GGCTGACGGAC-
CAAGACAAAT, Mondo: GGATCGACTAGCACAAGTAGC). The RNAi vector was a 21 bp
shRNA fragment that was ligated into the U6-pEYFP vector (Solarbio, Beijing, China). The
sequence and orientation were confirmed via sequencing. The renilla luciferase gene driven
by the IE1 promoter was the reference plasmid. The luciferase activity was standardized
according to the renilla luciferase activity. At 12 h post-transfection, the cells were treated
with DMSO or TSA (Absin, Shanghai, China) at 1 μM for 24 h, then the cells were collected
for the luciferase assay. The luciferase activity was conducted to using the Dual-Luciferase®

Reporter Assay System (Promega, Madison, WI, USA) after the transfected cells were
washed with phosphate-buffered saline (PBS, Beyotime, Shanghai, China). The data were
normalized. The ratio of luciferase activity of the control group (shGFP)was defined as
100%, and the experimental group was adjusted by corresponding multiples. All assays
were repeated at least three times.

4.5. Electrophoretic Mobility Shift Assay (EMSA)

All probes (biotin, cold, and mutation probe) for EMSA were synthesized by Sangon
Biotech (Sangon, Shanghai, China). The probes used for EMSA were listed in the Table S8.
The Mlx purified protein fused with the Msyb tag was expressed at 16 ◦C, with 0.3% (w/v)
IPTG (Beyotime, Shanghai, China). EMSA was performed using the Chemiluminescent
EMSA Kit (Beyotime, Shanghai, China). All the binding reactions, including the negative,
sample, cold competition, and mutation cold competition reactions, were carried out
according to the EMSA kit instructions. The corresponding amount of 5 × EMSA/gel shift
binding buffer and nuclease free water, 1 μg of purified protein, 1 μL of the biotin-unlabeled
cold or mutation probe (only competition assay), and 1 μL of the biotin-labeled probe were
added into a 10 μL reaction volume. To eliminate the non-specific binding of the probe
and protein, we mixed the remaining components before adding the biotin-labeled probe
and left the mixture to sit at room temperature for 10 min, or allowed the cold probe to
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react first. Then, we added the biotin-labeled probe, mixed the mixture well and left it
to sit at room temperature for 20 min. After adding the loading buffer into the reaction,
electrophoresis was performed with 6% polyacrylamide gel on ice at 100 V, then we stopped
electrophoresis until the blue dye bromophenol blue in the loading buffer reached 1/4 of
the lower edge of the gel. The samples on the gel were transferred to the positively charged
nylon membrane. Then, the membrane was cross-linked at 254 nm UV wavelength and
120 MJ/cm2 for 45–60 s using the HL-2000-HybriLinker (UVP, Upland, CA, USA). Finally,
the biotin-labeled probe was detected via chemiluminescence according to the Super Signal
West Pico Chemiluminescent Substrate (Thermo Fisher, Carlsbad, CA, USA).

4.6. ChIP-PCR

The CDS of Mlx and Mondo were inserted into the A4-p1180 and IE1-pEYFP over-
expression plasmid, respectively. BmNs cells were transfected with Mlx and Mondo
overexpression plasmids, respectively. After 48 h, cells were collected for ChIP. ChIP was
performed according to the manufacturer’s instructions for the ChIP Assay Kit (Beyotime,
Shanghai, China). The primers used for ChIP-PCR were listed in the Table S8. Briefly, cells
were incubated with 1% formaldehyde at room temperature for 10 min and the reaction was
terminated with glycine solution. PBS containing 1% PMSF (Beyotime, Shanghai, China)
was used to clean the cells three times, and then the cells were lysed with ChIP Dilution
Buffer. The genome was broken into 250–500 bp fragments via ultrasound. The supernatant
was collected via centrifugation and incubated with antibodies at 4 ◦C overnight. The
supernatant was precipitated with protein G magnetic beads (Pierce, Rockford, IL, USA)
and purified for PCR detection.

4.7. RNA-Seq

When interfering with Mlx or Mondo in BmNs cells, their expression level was signifi-
cantly reduced by qRT-PCR. We collected control and RNAi cells with Trizol, and then sent
them off for transcriptome sequencing and analysis. RNA-seq was performed with Illumina
Hiseq technology with paired-end sequencing. Reads were mapped with Ensemble to the
standard B. mori reference genome (Bombyx mori. ASM15162v1. dna. toplevel. fa). See
Supplementary Materials for data analysis.

4.8. Transgenic Strains Generated

The 947 bp enhancer Hr3, the 1111 bp promoter of the LP3 gene, CDS with Myc tag of
Mlx (or Mondo) and SV40 were amplified. Then, the Hr3, the LP3 promoter, Mlx (or Mondo)
and SV40 were orderly conjugated with the pSL1180 vector to form pSL1180-Hr3- [LP3-Mlx
(or Mondo)-SV40]. Subsequently, Hr3- [LP3-Mlx (or Mondo)-SV40] was inserted into pBac-
[3× P3-Red (or GFP)-SV40] to generate pBac- [3×P3-Red-SV40-Hr3-LP3-Mlx-SV40] and
pBac- [3× P3-GFP-SV40-Hr3-LP3-Mondo-SV40]. The primers were listed in the Table S9.
The construction of transgenic interference vectors was similar to the above method, except
that the CDS was replaced with a specific inverted repeat fragment. We then microinjected
the plasmid into the non-diapause eggs of D9L with germline transformation within 2 h
of egg-laying. Next, the microinjected eggs were incubated at room temperature and
approximately 75% humidity. The hatched larvae (G0) were fed with fresh mulberry leaves
and sibmated after mothing. Lastly, the positive G1 eggs were selected using fluorescence
microscope (Zeiss, Oberkochen, Baden-Württemberg, Germany).

4.9. Insect Rearing and Statistics of Economic Characteristics

The wild-type and G2 generations were fed with fresh mulberry leaves. Female
silkworms were fed separately, and the weight of larvae was investigated every day, with
more than 30 silkworms in each group. The pupal weight, whole cocoon weight, cocoon
weight, and cocoon shell ratio were measured, and the number of eggs was counted after
laying. The female cocoons from the fifth day after pupation were randomly selected. The
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larval body weight, cocoon shell weight, pupal weight and cocoon shell ratio of WT and
transgenic silkworms were measured.

4.10. Measure of Triglyceride Content

The fat body on the fifth day of the fifth instar was taken and freeze-dried. The samples
of the same mass were weighed and measured for triglyceride content according to the
Micro Triglyceride Content Assay Kit (Solarbio, Beijing, China).

4.11. Statistical Analysis

Statistical significance was determined with the F test or Student’s t-test, * p < 0.05;
** p < 0.01; *** p < 0.001. Statistical data are presented as the means ± SDs of at least three
independent biological replicates.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25063427/s1.
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Abstract

Increased body mass index (BMI) and age are associated with COVID-19 severity. SARS-
CoV-2 infection occurs through ACE2 binding, with TMPRSS2, ADAM17, and NRP1
facilitating this process. This study describes how adipose tissue (AT) location, BMI, age,
and obesity affect these proteins’ expression. AT was collected from subcutaneous (abdom-
inal superficial [AS], abdominal deep [AD], thigh [T]) and visceral (epiploon [E]) areas
from middle-aged women without obesity (BMI 23.9 kg/m2, age 48.3 years). Subcutaneous
AT was also obtained from middle-aged women with previous obesity (BMI 24.8 kg/m2,
previously 41.7 kg/m2, age 46.9 years), older women with obesity (BMI 32.3 kg/m2, age
70.8 years), and older women without obesity (BMI 23.7 kg/m2, age 70.6 years). ACE2,
TMPRSS2, ADAM17, and NRP1 expression was evaluated by qPCR and Western blotting.
All proteins were more expressed in visceral AT. ACE2, TMPRSS2, and NRP1 positively
correlated with BMI in AS and/or E, while NRP1 correlated with age in T. In subcuta-
neous AT, ACE2 and NRP1 were more influenced by obesity while TMPRSS2 was more
age-dependent. In women with previous obesity, ACE2 and NRP1 levels decreased, while
TMPRSS2 and ADAM17 remained unchanged. These findings highlight the differential
influence of visceral AT, obesity, and age on the expression of SARS-CoV-2 cell entry
mediators, potentially contributing to COVID-19 severity.

Keywords: obesity; ageing; adipose tissue; COVID-19; SARS-CoV-2 receptors; ACE2;
TMPRSS2; ADAM17; NRP1

1. Introduction

The COVID-19 global pandemic, caused by SARS-CoV-2 virus infection, has emerged
as a significant health concern. Several risk factors, such as age, hypertension, type 2
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diabetes, and obesity are associated with COVID-19 severity [1–4]. Obesity is characterized
by an excessive deposition of adipose tissue and is associated with several comorbidities,
such as type 2 diabetes, hypertension, and heart diseases. According to the World Health
Organization, in 2022, 2.5 billion adults were overweight and, of these, 890 million present
with obesity. A body mass index (BMI) over 25 kg/m2 is considered overweight, while
over 30 kg/m2 corresponds to obesity. Obesity induces a profound remodelling of the
subcutaneous and visceral adipose tissue (AT), including an increase in inflammatory
molecule secretion [5]. In fact, patients with obesity and COVID-19 present higher hospital
admission rates, increased disease severity, often requiring mechanical ventilation, and
higher mortality rates [6–9]. This outcome is the likely result of the compression of the
diaphragm and lungs caused by abdominal obesity and/or to the chronic inflammation
associated with obesity-induced adipose tissue (AT) dysfunction [10]. Another explanation
relates to the SARS-CoV-2 virus’s high affinity for its main receptor, the human angiotensin-
converting enzyme 2 (ACE2), a member of the renin–angiotensin system [11]. ACE2 is an
805 amino acid protein composed of an extracellular N-terminal domain to which SARS-
CoV-2 binds, a transmembrane region, and a short intracellular C-terminal domain. This
receptor is expressed in human AT in higher levels compared to the lung tissue [11–13],
highlighting the importance of AT to SARS-CoV-2 infection. Moreover, the susceptibility of
AT to SARS-CoV-2 infection depends on its anatomical location. In vitro, adipocytes from
the visceral compartment present higher levels of ACE2 expression and infection rates
compared to those from the subcutaneous depot [14]. It was reported that SARS-CoV-2
directly infects mature adipocytes and AT-resident macrophages [15,16].

SARS-CoV-2 infection is not only mediated by ACE2 as other proteins are also im-
plicated in virus cell entry. The SARS-CoV-2 virus enters host cells through the binding
of its viral spike proteins to cellular ACE2 receptors. The S protein must be primed by
cell proteases, such as transmembrane protease serine 2 (TMPRSS2) and A disintegrin
and metalloproteinase 17 (ADAM17) [17,18]. TMPRSS2 and ADAM17 also cleave the
ACE2 receptor itself [19]. ADAM17 contributes to the shedding of ACE2 within amino
acids 652 to 659 and the release of an extracellular soluble form of ACE2 [20], which binds
to extracellular viral particles, preventing their entry into cells. TMPRSS2 sheds ACE2
within amino acids 697 to 716 to promote the fusion of SARS-CoV-2 with the host cell
membrane [21]. In addition to the ACE2 receptor, neuropilin-1 (NRP1) was identified as a
SARS-CoV-2 co-receptor [22]. It binds to the virus spike protein and, when co-expressed
with ACE2 and TMPRSS2, potentiates SARS-CoV-2 infection [22,23].

Age-related changes in AT composition and function, such as impaired adipocyte
progenitor function, increased senescent cells, and pro-inflammatory adipocytokine pro-
duction [24], are also contributors to the severity of COVID-19.

Given the interplay between AT function, obesity, and ageing, it is critical to further
investigate how these conditions influence the mechanisms of AT SARS-CoV-2 infection.
Specifically, we aim to characterize the expression patterns of the key SARS-CoV-2 cell entry
mediators ACE2, TMPRSS2, ADAM17, and NRP1 across distinct subcutaneous and visceral
AT domains in order to understand their modulation by weight gain, ageing, and weight
loss. These findings could have significant implications for understanding COVID-19
pathophysiology and for future provision of preventive actions and the development of
targeted therapeutic strategies for high-risk populations, including individuals with obesity
and advanced age.
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2. Results

2.1. Anthropometric and Biochemical Characterization of All Individuals

To characterize the susceptibility of the different AT depots to SARS-CoV-2 entry
and understand why obesity and ageing predispose to a higher risk of severe COVID-19,
we examined AT from various patient groups. These groups were categorized according
to BMI and age as follows: middle-aged women without obesity (control group, BMI
19.88–29.48 kg/m2, age 39–56 years); middle-aged women with previous obesity (BMI
22–27.2 kg/m2, previously 30.9–52.6 kg/m2, age 31–60 years); older women with obe-
sity (BMI 30.43–35.52 kg/m2, age 61–81 years); and older women without obesity (BMI
19.56–26.30 kg/m2, age 62–81 years).

In terms of BMI, statistically significant differences (p < 0.0001) were observed be-
tween the group composed of women with obesity (32.26 kg/m2) and the control group
(23.9 kg/m2), the group with previous obesity (24.8 kg/m2), and the older group without
obesity (23.7 kg/m2) (Figure 1A). Age differs significantly (p < 0.0001) between the middle-
aged groups (control group and group with previous obesity, with average ages of 48.3
and 46.9 years, respectively) and the older groups (the group with obesity and the group
without obesity, with average ages of 70.8 and 70.6 years, respectively) (Figure 1B).

Figure 1. Graphical representation of the anthropometric and biochemical parameters from all
women studied. BMI (kg/m2) (A), age (years) (B), total cholesterol levels (mg/dL) (C), HDL
cholesterol levels (mg/dL) (D), LDL cholesterol levels (mg/dL) (E), and triglyceride levels (mg/dL)
(F) of middle-aged women without obesity (n = 15–16), middle-aged women with previous obesity
(n = 11–21), older women with obesity (n = 8–10) and older women without obesity (n = 6–9). The
results are represented as mean ± S.E.M. **** p < 0.0001, according to the one-way ANOVA, followed
by Tukey’s multiple comparisons test.
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Regarding medical conditions that could potentially increase the risk of severe COVID-
19, the group of middle-aged women without obesity had almost no comorbidities, except
for four individuals with hypertension and one with type 2 diabetes. Similarly, in the
group of women with previous obesity, only one presented with dyslipidaemia. In contrast,
in the older groups, women presented with more comorbidities. The group with obesity
includes ten women with dyslipidaemia, nine with hypertension, four with type 2 diabetes,
and one with chronic lung disease. Among the older women without obesity, four had
hypertension, five dyslipidaemia, one type 2 diabetes and three chronic lung disease. All
patients were under appropriate medication to manage these conditions. As expected,
women in the older groups were highly medicated; for example, almost all of them in both
older groups, with or without obesity, were taking antihypertensive medication.

No differences were found in total cholesterol, HDL cholesterol, LDL cholesterol, and
triglyceride levels among these groups (Figure 1C–F).

2.2. SARS-CoV-2 Cell Infection Mediators Have Increased Expression in Visceral Adipose Tissue of
Middle-Aged Women Without Obesity

ACE-2, TMPRSS2, ADAM17, and NRP1 are the main cell membrane mediators that
promote entrance of SARS-CoV-2 viruses into cells. To clarify if their expression pattern
depends on the anatomical location of AT, the expression of these cell entry factors was
evaluated in subcutaneous (AS, AD, and T) and visceral (E) compartments of AT from the
middle-aged control patients.

ACE2 protein expression in epiploon AT (E) was 7-fold higher than in subcutaneous
AS and AD (p = 0.0005 and 0.0003, respectively) and 2.3-fold higher (p = 0.0314) than in the
T depot (Figure 2A). TMPRSS2 expression was 2-fold increased in the E depot relative to AS
(p = 0.0259) (Figure 2B). ADAM17 levels were increased 2-fold in E when compared to AS
(although this result is not statistically significant, it is very close to reaching significance;
p = 0.0806) (Figure 2C). The NRP1 protein expression pattern parallels the one observed
in ACE2: it is increased in E relative to all subcutaneous depots (AS: p = 0.002, AD:
p = 0.0187 and T: p = 0.0154) (Figure 2D). Globally, the protein expression of these SARS-
CoV-2 cell entry factors, evaluated by Western blot, was increased in visceral AT when
compared with the subcutaneous counterparts (Figure 2). No differences were found
within subcutaneous AT depots. A similar pattern was observed in the subcutaneous AT of
patients with previous obesity, with no significant differences found between fat depots
from the abdominal (A), thigh (T), and arm areas (Figure S1).

Regarding ACE2 mRNA expression, levels were higher in visceral tissue (E) when
compared to the subcutaneous AD fraction (p = 0.0124) and no differences were obtained
when comparing with AS and T AT samples (Figure 2E). ADAM17 mRNA is equally
expressed in all fat tissues (Figure 2F). Surprisingly, the mRNA expression of NRP1 was
decreased in E when compared to T (p = 0.0131) (Figure 2G), contrary to the results obtained
at the protein expression level.

2.3. The Protein Levels of SARS-CoV-2 Cell Entry Mediators Positively Correlate with BMI

Within the control group, the protein expression levels of ACE2, TMPRSS2, ADAM17,
and NRP1 in all AT compartments (AS, AD, T, and E) were correlated with the subject’s
BMI. Generally, there is a tendency for a positive correlation, though statistically significant
results are only observed for ACE2, TMPRSS2, and NRP1 in specific fat compartments, as
highlighted in Figure 3. ACE2 protein levels positively correlate with BMI in AS and E
depots (p = 0.0187 and 0.0164, respectively) (Figure 3A). Additionally, there is a statistically
significant positive correlation in the protein expression of TMPRSS2 in E (p = 0.0236) and
of NRP1 in AS (p = 0.0296) (Figure 3B,D) with BMI. Moreover, two correlations almost

117



Int. J. Mol. Sci. 2025, 26, 7313

reached significance, the protein levels of TMPRSS2 in AS and NRP1 in AD (p = 0.0759 and
p = 0.0685, respectively) (Figure 3B,D).

Figure 2. Expression of SARS-CoV-2 cell entry factors in human subcutaneous (AS—abdominal
superficial; AD—abdominal deep; and T—thigh) and visceral (E—epiploon) adipose tissue from
middle-aged individuals without obesity (BMI from 19.88 to 29.48 kg/m2), quantified by Western
blot and real-time PCR. ACE2 (A), TMPRSS2 (B), ADAM17 (C), and NRP1 (D) protein expression in
AS (n = 10–12), AD (n = 11–12), T (n = 10–12) and E (n = 9–12). ACE2 (E), ADAM17 (F), and NRP1 (G)
mRNA expression in AS (n = 16), AD (n = 16), T (n = 16), and E (n = 16). The results are represented
as mean ± S.E.M. * p < 0.05, ** p < 0.01, and *** p < 0.001, according to the one-way ANOVA, followed
by Tukey’s multiple comparisons test.

Age is known to be an important factor in the modulation of SARS-CoV-2 infection [1].
To address this, correlations between the levels of all SARS-CoV-2 cell entry mediators and
age were also determined in the control group (Figure 4). Although there is also a general
tendency towards positive correlations, only NRP1 levels in the T depot significantly
increase with ageing (p = 0.0308, Figure 4D). In conclusion, the expression of analysed
receptors and coreceptors appears to positively correlate more prominently with BMI than
with age.
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Figure 3. Correlations of SARS-CoV-2 receptor and co-receptor protein levels with BMI, quantified in
human subcutaneous (AS—abdominal superficial; AD—abdominal deep; and T—thigh) and visceral
(E—epiploon) adipose tissue from middle-aged individuals without obesity (BMI from 19.88 to
29.48 kg/m2) by Western blot. Respective representative blots are presented in the figure. ACE2 (A),
TMPRSS2 (B), ADAM17 (C), and NRP1 (D) protein level correlation with BMI in AS (n = 9–15), AD
(n = 12–15), T (n = 9–15), and E (n = 13–15). p-values lower than 0.05 are considered statistically
significant, according to the Pearson correlation coefficient.
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Figure 4. Correlations of SARS-CoV-2 receptor and co-receptor protein levels with age, quantified
in human subcutaneous (AS—abdominal superficial; AD—abdominal deep; and T—thigh) and
visceral (E—epiploon) adipose tissue from middle-aged individuals without obesity (BMI from
19.88 to 29.48 kg/m2) by Western blot. Representative blots are the same as in Figure 3. ACE2 (A),
TMPRSS2 (B), ADAM17 (C), and NRP1 (D) protein level correlation with age in AS (n = 9–15), AD
(n = 12–15), T (n = 9–15), and E (n = 13–15). p-values lower than 0.05 are considered statistically
significant, according to the Pearson correlation coefficient.

Unexpectedly, mRNA levels of ACE2 decrease with increasing BMI (p = 0.0488) in the
E depot (Figure 5A), contrary to the protein levels, which showed a positive correlation
with BMI (Figure 3A). No statistically significant differences were observed in mRNA
expression of the other cell entry proteins evaluated. However, a tendency for mRNA
expression to decrease with BMI in specific fat depots was noted.
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Figure 5. Correlation of SARS-CoV-2 receptor and co-receptor mRNA levels with BMI, quantified in
human subcutaneous (AS—abdominal superficial; AD—abdominal deep; and T—thigh) and visceral
(E—epiploon) adipose tissue from middle-aged individuals without obesity (BMI from 19.88 to
29.48 kg/m2) by real-time PCR. ACE2 (A), ADAM17 (B), and NRP1 (C) mRNA level correlation with
BMI in AS (n = 16), AD (n = 16), T (n = 16), and E (n = 16). p-values lower than 0.05 are considered
statistically significant, according to the Pearson correlation coefficient.

2.4. Ageing and Obesity Differently Influence the Expression of the SARS-CoV-2 Cell Entry
Factors in Subcutaneous Adipose Tissue

To further explore the combined effect of ageing and obesity on SARS-CoV-2 infection,
the expression of ACE2, TMPRSS2, ADAM17, and NRP1 was evaluated in subcutaneous
AT from older women with or without obesity. In addition, a group of samples collected
from middle-aged patients with previous obesity was included to evaluate the effect of
weight loss on the expression of the proteins.

In subcutaneous AT, older women with obesity have 4.2-fold higher ACE2 protein
levels compared to older individuals without obesity (p = 0.0208) (Figure 6A). Thus, a
clear effect of obesity on ACE2 receptor protein expression is observed in older patients.
Moreover, in the group with previous obesity, the levels of ACE2 are significantly reduced
compared to the group with obesity (p = 0.0028). In addition, ACE2 levels are significantly
higher in older women with obesity when comparing to the middle-aged women without
obesity (p = 0.001). Since no differences were detected between the middle-aged and older
women without obesity, it is possible to conclude that the ageing effect on ACE2 expression
is not as pronounced as obesity (Figure 6A).
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Figure 6. Expression of SARS-CoV-2 cell entry factors in human subcutaneous adipose tissue from
middle-aged women without obesity (BMI from 19.88 to 29.48 kg/m2, average age of 48.2 years),
middle-aged women with previous obesity (BMI from 22.0 to 27.2 kg/m2, previously 33.5 to
52.6 kg/m2, average age of 46.9 years), older women with obesity (BMI from 30.43 to 35.52 kg/m2, av-
erage age of 70.8 years), and older women without obesity (BMI from 19.56 to 26.3 kg/m2, average age
of 70.6 years), quantified by Western blot. Representative blots are indicated in the figure. ACE2 (A),
TMPRSS2 (B), ADAM17 (C), and NRP1 (D) protein expression in middle-aged women without
obesity (n = 13–15), middle-aged women with previous obesity (n = 14), older women with obesity
(n = 10) and older women without obesity (n = 9). The results are represented as mean ± S.E.M.
* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001, according to the one-way ANOVA, followed by
Tukey’s multiple comparisons test.

Both TMPRSS2 and ADAM17 protein levels increase in older women with obesity,
when compared to controls (p = 0.0013 and p = 0.0274, respectively), and do not differ
significantly from middle-aged individuals with prior obesity (Figure 6B,C). TMPRSS2
levels increase with age (p = 0.0009, older group without obesity) to levels similar to those
observed in obesity or after weight loss (Figure 6B).

Age alone induces a 4-fold increase in NRP1 protein levels (p = 0.0179 between control
and older women without obesity groups). When advanced age is combined with obesity,
those levels are almost twice as high. Although not statistically significant, they were close
to reaching significance (p = 0.07). On the other hand, NRP1 protein levels decreased by
almost half (p = 0.04) when comparing the groups of women with previous obesity and
the older women with obesity, but still did not reach those observed in the control group,
remaining elevated 4-fold and significantly higher (p = 0.0063) (Figure 6D).

Overall, the protein levels of all of the analysed SARS-CoV-2 cell entry factors are
increased in older women with obesity (Figure 6) but these two factors (ageing and obesity)
differently influence their expression.
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3. Discussion

The present study highlights the importance of AT, specifically visceral AT, in the
modulation of the clinical response to SARS-CoV-2 infection. In fact, it demonstrates that
the expression of the SARS-CoV-2 cell entry mediators ACE2, TMRPSS2, ADAM17, and
NRP1 is increased in human visceral AT. Accordingly, a computed tomography analysis
of patients with symptomatic COVID-19 found an association between higher visceral AT
area and severe forms of COVID-19, whereas subcutaneous fat levels were not related [25].
Moreover, Saccon et al. found increased expression of ACE2 receptor in primary cultured
visceral adipocytes, which were more prone to SARS-CoV-2 infection compared with
the subcutaneous [14]. Both TMPRSS2 and ADAM17 cleave ACE2 and viral S protein
to facilitate SARS-CoV-2 fusion with host cell membranes [17,26], promoting a crucial
environment conducive to viral entry and replication [17,27]. Conversely, ADAM17 may
have a protective role against COVID-19 infection by releasing a soluble ACE2 isoform
that binds to circulating viral particles, preventing their entry into host cells [20]. NRP1 is
expressed in macrophages [28], more abundant in human visceral than in subcutaneous
AT [29]. This supports the current findings of higher NRP1 protein expression in the
visceral depot. NRP1 is also involved in immune function, which is particularly relevant
given the exaggerated immune responses associated with severe COVID-19 [30]. Therefore,
the increased levels of SARS-CoV-2 cell entry factors in the visceral adipose tissue suggests
that this depot may act as a reservoir for viral particles, potentially contributing to systemic
viral spread that ultimately leads to the disruption in immune signalling and severe
inflammatory responses observed in COVID-19 patients with a higher volume of visceral
fat [25].

Obesity, a condition accompanied by increased serum ACE2 levels [31], and excess
weight are known risk factors for severe forms of COVID-19 [6,32,33]. This is supported
by the positive correlation between the protein expression levels of ACE2, TMPRSS2,
and NRP1 and BMI, both in subcutaneous and visceral AT, herein described. Similar
findings have been reported: Patel et al. described increased ACE2 protein levels in
epicardial AT of patients with obesity and diet-induced obese mice [34]; higher ACE2
gene expression was reported in epicardial and subcutaneous AT of individuals with
obesity [35]; and Frühbeck and colleagues showed that ACE2 mRNA increases only in
visceral and not in the subcutaneous depot of patients with obesity [36]. Only a single,
sample-limited immunofluorescence study reported a lack of variation in ACE2 protein
levels in human subcutaneous AT from lean or obese individuals [37]. TMPRSS2 gene
expression was found to be increased in lung epithelial cells and in pancreatic islets of
subjects with obesity [38,39]. As well, rats fed a high fat and sugar diet also present
elevated protein expression of TMPRSS2 in the lungs compared with the controls [40].
NRP1 mRNA expression significantly increases in the subcutaneous AT of patients with
obesity and type 2 diabetes. In patients with obesity but without type 2 diabetes, its levels
also increase, although without statistical significance [36], as shown in the current work.
Conversely, in immunofluorescence studies, Steenblock et al. found no differences in NRP1
protein expression in subcutaneous AT between individuals with or without obesity [37].
The different methodologies implied for protein quantification (Western blotting versus
immunofluorescence) may justify the divergency in results.

Interestingly, here, a different pattern of expression of the receptors (ACE2 and NRP1)
and co-receptors (ADAM17 and TMRPSS2) with obesity and ageing is reported. In older
individuals without obesity, protein levels of subcutaneous ACE2 and NRP1 receptors, to
which SARS-CoV-2 binds directly, did not increase as markedly as they did in individuals
of the same age with obesity. Thus, an evident effect of obesity in modulation of ACE2 and
NPR1 expression was demonstrated. The ageing effect on the expression of these proteins
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is controversial in the literature since some studies report no correlation of ACE2 and NRP1
gene expression with age in subcutaneous AT [41,42] but in a gene set database analysis,
ACE2 gene expression was found to be increased in older individuals [43].

ADAM17 expression in subcutaneous AT seems to depend simultaneously on ageing
and obesity, since the isolated factors did not significantly influence ADAM17 protein levels.
Dou et al. found that age and obesity are associated with increased ADAM17 enzyme
activity in human mediastinal AT blood vessels and adipocytes [44], which aligns with
the present data, showing an increase in ADAM17 protein expression in subcutaneous
AT from older individuals with obesity, a condition that parallels the enhanced expres-
sion of ADAM17 mRNA in the subcutaneous AT of obese mice [45]. In omental AT of
patients with morbid obesity, ADAM17 is considered a predictor of insulin resistance [46].
Moreover, transgenic mice with ADAM17 overexpression presented increased macrophage
infiltration and fibrosis when fed an HFD [47], whereas ADAM17 gene silencing in visceral
macrophages improved AT inflammation and type 2 diabetes [48].

In turn, TMPRSS2 expression appears to be more dependent on ageing rather than
obesity, since its expression remains virtually the same in both older groups (with or with-
out obesity), while it increases in comparison to the middle-aged control group. Moreover,
the expression of TMPRSS2 and ADAM17 remains unchanged in individuals with previous
obesity. Since these are two proteases that are involved in cancer and inflammation pro-
cesses [49,50], and subcutaneous AT from individuals with prior obesity retains molecular
characteristics of obese AT [51], this may explain why there is no reversion in TMRPSS2
and ADAM17 receptor protein levels after weight loss. Patients with previous obesity,
after undergoing bariatric surgery and stabilizing their weight for one year, underwent
abdominoplasty, during which adipose tissue samples were collected. It is, however,
unclear if, over a longer period, these patients would reach the levels of TMPRSS2 and
ADAM17 observed in individuals without obesity. Conversely, the protein expression
levels of ACE2 and NRP1, receptors to which SARS-CoV-2 directly binds, decrease in
individuals with previous obesity. Other studies that access gene expression are in line with
these findings; ACE2 levels have been shown to decrease in subcutaneous AT two years
after bariatric surgery [52] and also after weight loss without surgical interventions [38,41].
Cauwenberghs et al. showed a decrease in the soluble form of ACE2, through proteomic
measurements in human plasma, after 6 months of a restrictive diet [53], and Soll and
colleagues described a decreased NRP1 mRNA expression in subcutaneous AT after weight
loss [42].

The importance of the study of the diverse cell entry factors herein described is
highlighted by the evolving infection behaviour of the SARS-CoV-2 variants [54–56]. It
is known that when ACE2 levels are low, some co-factors, like ADAM9, promote SARS-
CoV-2 infection, particularly in alpha (B.1.1.7), delta (B.1.617.2), and omicron (B.1.1.529)
variants [57]. In fact, ADAM9 and other proteases, such as ADAM17 and TMPRSS2,
interact with the spike protein to facilitate virus entry, especially in cells with limited
ACE2 expression [57,58]. Additionally, new SARS-CoV-2 lineages such as KP.2, KP.3,
and LB.1, although still dependent on ACE2, have subtle differences in receptor use in
different species and tissues [59]. As shown herein, the concomitant expression of TMPRSS2,
ADAM17, and NRP1 in adipose tissue—receptors that become elevated in obesity and, in
the case of TMPRSS2 and ADAM17, remain elevated after weight loss—likely amplifies
SARS-CoV-2 tropism and infectivity in adipose tissue, even when ACE2 levels decrease
following weight loss. This observation is consistent with recent findings by Li et al., who
demonstrated that in women with gestational diabetes, metabolic memory can sustain
increased SARS-CoV-2 susceptibility, as metabolic alterations persist postpartum along with
sustained low-grade inflammation [60]. Moreover, AT itself preserves an obesity-related
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epigenetic memory after weight loss [61]. This supports the notion that the persistent
expression of these proteases observed in the adipose tissue samples after weight loss may
reflect a broader metabolic memory effect, potentially relevant across different tissues and
physiological contexts.

In this work, it was consistently observed that mRNA data did not align with the
protein expression results. In accordance, Wang and colleagues found significant discrep-
ancies between mRNA and protein levels of ACE2 within and throughout tissues when
analysing proteomic and RNA-seq datasets [62]. These authors concluded that protein
levels provide a more precise measurement of ACE2 abundance compared to mRNA levels.
Regarding NRP1, an increase in its protein levels was observed in visceral fat compared to
subcutaneous depots. Again, the opposite was observed in NRP1 mRNA levels, as already
reported by Saccon et al. [14]. The regulation of NRP1 involves complex interactions with
various proteins and microRNAs. Studies on breast and gastric cancer have shown that
RNA binding proteins such as PUM2 and Lin28B can bind to NRP1 mRNA, increasing its
stability and expression, thereby affecting protein levels [63,64]. Conversely, in glioblas-
toma and breast cancer studies, NRP1 is targeted by miR-124-3p and miR-376a, which
suppress its expression [65,66]. These mechanisms illustrate the complex regulation of
NRP1 at both mRNA and protein levels and suggest that a particular regulatory mecha-
nism exists in AT. Apart from all of the mentioned interactions, other post-transcriptional
mechanisms such as alternative splicing, RNA editing, translation efficiency, and protein
degradation [67] could also contribute to the discrepancies between mRNA and protein
levels observed in this study, which reinforces that protein abundance should be assessed
to better reflect functional effects.

This study has some limitations on the retrospective nature of data collection and the
homogeneity in the types of AT samples collected across all groups, much on account of
the nature of the surgeries performed. Considering this, all adipose tissue samples were
collected from women and, for this reason, the results obtained could be gender specific.
The inclusion of adipose tissue samples from men would be important to the generalization
of the conclusions.

Although the interference of comorbidities and medications with ACE2 expression is
controversial [68–73], in the present study, consistent differences in the protein levels of the
SARS-CoV-2 mediators were observed between groups with or without obesity, despite
comparable comorbidity profiles and similar patterns of medication use. Therefore, the
observed variations in ACE2, ADAM17, and NRP1 expression are primarily attributable to
obesity itself rather than to confounding effects from underlying conditions or treatments.

4. Materials and Methods

4.1. Human Adipose Tissue Samples

Control AT samples were collected from 16 middle-aged women without obesity
undergoing breast reconstruction surgeries after mastectomy, in the context of breast cancer,
at the Instituto Português de Oncologia do Porto (IPO-Porto), from 4 different anatomical
locations: subcutaneous abdominal superficial (AS), abdominal deep (AD), thigh (T), and
visceral epiploon (E). At Centro Hospitalar Universitário São João (CHUSJ), subcutaneous
AT samples were collected from 30 middle-aged women, with previous obesity, that
underwent bariatric surgery and were subsequently referred to abdominoplasty, arm,
and thigh lift surgeries. Samples were collected from the patient’s abdominal (A), arm,
and thigh (T) regions. Subcutaneous AT from 10 older women with obesity and 9 older
women without obesity were collected during cardiac surgeries (coronary, valvular, and
ascending aorta) at the Cardiothoracic Surgery Service of CHUSJ. Those were harvested
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from the pre-sternal region. All samples were stored at −80 ◦C for subsequent protein and
RNA extraction.

The patients’ age, BMI, cholesterol (total, HDL, and LDL) levels, and triglyceride
levels were obtained by consulting the biochemical analysis performed nearest the time of
respective surgery, when the tissues were collected. Unfortunately, it was not possible to
have access to data on specific markers of inflammation.

A flow chart summarizing the inclusion criteria, established groups, sample collection
sites, and analysis performed is presented in Figure 7.

Figure 7. Flow chart summarizing all groups of patients recruited to this study divided according to
age and obesity status. Inclusion/exclusion criteria, type of surgeries and respective AT anatomical
location are also indicated in the figure.

4.2. Real-Time PCR

For RNA extraction, the TripleXtractor directRNA kit was used (#GK23.0100, Grisp,
Porto, Portugal). A total of 100 to 200 mg of AT was weighed and placed in tubes with
magnetic BulkBeads (Precellys, Montigny-le-Bretonneux, France) and homogenised in
700 μL of TripleXtractor reagent in a MagNA Lyser instrument (Roche, Mannheim, Ger-
many) at 6500 rpm for 30 s. Then, samples were centrifuged at 15,000× g for 5 min at
room temperature to remove the upper fat layer. RNA was extracted from the supernatant,
following the RNA extraction kit manufacturer’s instructions. RNA concentration and
purity were analysed using NanoDrop One equipment (ThermoFisher Scientific, Waltham,
MA, USA). Then, agarose gel electrophoresis was performed to verify the integrity of
the RNAs. A total of 300 ng of each RNA sample was run on a 1% agarose gel for 15
to 20 min at 100 mA. The 28S and 18S rRNA bands were visualized on a Chemidoc UV
transilluminator (Chemi-DocTM XRS, Bio-Rad, Hercules, CA, USA). cDNA was then ob-
tained from 400 ng of RNA using the NZY First-Strand cDNA Synthesis Kit (MB12501,
Nzytech, Lisboa, Portugal), following the manufacturer’s instructions. Finally, real-time
PCR was performed with the Power SYBR Green PCR Master Mix (ThermoFisher Scien-
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tific, Waltham, MA, USA). For each reaction, together with the SYBR Green mix, 10 ng
of cDNA and 0.06 pmol of each primer (forward and reverse) were combined. Two
thermocyclers were used, one for 96-well plates, the QuantStudio™ 3 Real-Time PCR
System, 96-well, 0.1 mL Block (ThermoFisher Scientific, Waltham, MA, USA), and an-
other for 384-well plates, the Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The
program was as follows: 10 min of denaturation at 95 ◦C, followed by 45 cycles of 10 s
of denaturation at 95 ◦C, 30 s of annealing at 60 ◦C, and 30 s of extension at 60 ◦C. The
expression of ACE2 (forward sequence: 5′-CATTGGTCTTCTGTCACCCGA-3′ and re-
verse sequence: 5′-CCCCAACTATCTCTCGCTTCAT-3′), ADAM17 (forward sequence:
5′-GGGCAGAGGGGAAGAGAGTA-3′ and reverse sequence: 5′-TGTGGAGACTTG-
AGAATGCGA-3′), and NRP1 (forward sequence: 5′-GCCACAGTGGAACAGGTGAT-3′

and reverse sequence: 5′-ATGACCGTGGGCTTTTCTGT-3′) genes was evaluated. Importin
8 (IPO8) was used as a reference gene (forward sequence: 5′-CCAAGGGGTGGTTCATTCT-
3′ and reverse sequence: 5′-TCTTGCCACAGCTCTTCATC-3′). Control reactions without re-
verse transcriptase were performed to exclude non-specific amplification of genomic DNA.

4.3. Western Blotting

Total proteins were extracted from 100 to 200 mg of AT with lysis buffer (50 mM Tris
pH 7.6, 10 mM NaCl, 5 mM EDTA, 1 mM β-glycerophosphate, and 0.25% v/v Triton X-100)
supplemented with protease (1:500) and phosphatase (1:250) inhibitors (Sigma-Aldrich,
St. Louis, MO, USA). Lysis of AT was performed in a MagNA Lyser Instrument (Roche,
Mannheim, Germany), with magnetic BulkBeads (Precellys, Montigny-le-Bretonneux,
France). Then, samples were sonicated for 15 min in the BioruptorTM UCD-200 (Di-
agenode, Liège, Belgium) and centrifuged at 10,000× g for 10 min at 4 ◦C to discard the
fat layers. The supernatant was stored at −20 ◦C for later protein quantification by the
Bradford Reagent assay (Bio-Rad, Hercules, CA, USA). A total of 30 μg of protein was
loaded per well and resolved in 10% SDS-PAGE gels (25 mA per gel). Proteins were then
transferred into nitrocellulose membranes (Bio-Rad, Hercules, CA, USA) for 2 h at 30 V.
All membranes were stained with Ponceau S and one image of each was recorded in a
Chemi-DocTM XRS instrument (Bio-Rad, Hercules, CA, USA). Then, membranes were
blocked with 5% w/v non-fat dry milk (Molico®) dissolved in 0.1 M Tris-buffered saline
with 0.1% Tween 20 (TBST), except the ones that were incubated with anti-TMPRSS2
antibody, that were blocked with 5% w/v bovine serum albumin (BSA) in TBST. After
this, membranes were probed with primary antibodies (dissolved in 5% BSA, 0.1% NaN3
in TBST) specific for ACE2 (1:1000, abcam 108252, Cambridge, United Kingdom), TM-
PRSS2 (1:1000, abcam 109131, Cambridge, United Kingdom), ADAM17 (1:000, Santa Cruz
Biotechnology sc-390859, Dallas, TX, USA), and NRP1 (1:1000, abcam 81321, Cambridge,
United Kingdom), for three nights for ACE2 and one night for the remaining antibodies, at
4 ◦C. Subsequently, membranes were washed with TBST and incubated with the respec-
tive anti-rabbit (1:10,000, A16096, Invitrogen, Waltham, MA, EUA) or anti-mouse (1:5000,
715-035-150, Jackson Immuno Research, West Grove, PA, USA) horseradish-conjugated
secondary antibodies diluted in 5% non-fat dry milk or 5% BSA (for TMPRSS2) in TBST
for 1 h at room temperature with stirring. Finally, after washing the membranes with
TBST, proteins were incubated with the Clarity ECL Western blotting substrates (Bio-Rad,
Hercules, CA, USA). ECL signals and Ponceau S-stained membranes were captured in the
Chemi-DocTM XRS instrument (Bio-Rad, Hercules, CA, USA) and quantified by densio-
metric analysis with the Image Lab 6.1 software (Bio-Rad, Hercules, CA, USA). Protein
values were normalised by determination of the ratio of each ECL signal with the respective
Ponceau S lane quantification. A Western blot analysis of internal loading controls, such
as tubulin, actin, or Lamin A/C expression, was also performed. However, their protein
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expression levels linearly correlated with BMI, compromising their suitability as stable
loading controls (Figure S2). This observation is consistent with previous reports [74,75].
Therefore, total protein staining with Ponceau S was used as protein loading normaliser,
which is a widely accepted alternative when stable internal controls are not available [76].

Some membranes were re-used for incubation with other antibodies. For this, a 20 min
stripping protocol with warm 10% SDS was performed, followed by washes with TBST,
blocking, and incubation with specific primary and secondary antibodies.

4.4. Statistical Analysis

All statistical analyses were conducted in GraphPad Prism 9 (version 9.5.1). The
correlation experiments were analysed by the Pearson correlation coefficient. The remaining
analyses were performed using one-way ANOVA, followed by post-hoc analyses using
Tukey’s multiple comparisons test. All results are presented as mean ± standard error
of the mean (SEM) and p-values < 0.05 were considered statistically significant. Outliers
were removed after identification by the ROUT method test using the GraphPad Software,
setting Q to 1.0%, in the correlation experiments.

5. Conclusions

In conclusion, this study provides novel insights into the expression patterns of SARS-
CoV-2 cell entry mediators in AT under conditions of obesity, ex-obesity, or advanced age.
ACE2, TMPRSS2, ADAM17, and NRP1 are more expressed in visceral AT, with obesity
significantly influencing their protein expression. This may enhance the susceptibility
to SARS-CoV-2 infection and contribute to the severe inflammatory responses observed
in COVID-19. Although ageing also contributes to increased expression of the receptors
and co-receptors in AT, ACE2 and NRP1 expression is much more upregulated in obesity.
Importantly, persistent TMPRSS2 and ADAM17 expression was shown, even after signif-
icant weight loss, reflecting the long-lasting impact of obesity on adipose tissue biology.
Nevertheless, normal weight individuals with previous obesity may have lower COVID-19
risk since present reduced ACE2 and NRP1 protein levels, receptors that bind directly to
the SARS-CoV-2 virus. These results underscore the critical need to continue to investi-
gate the molecular mechanisms driving the expression of SARS-CoV-2 receptors and their
implications for metabolic health and infectious disease susceptibility. Such efforts could
ultimately lead to targeted therapeutic strategies aimed at mitigating the impact of adipose
tissue and obesity on COVID-19 outcomes and broader metabolic complications.
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Abbreviations

The following abbreviations are used in this manuscript:

ACE2 Angiotensin-converting enzyme 2
AD Abdominal deep adipose tissue
ADAM17 Protease A disintegrin and metalloproteinase 17
AS Abdominal superficial adipose tissue
AT Adipose tissue
BMI Body mass index
CHUSJ Centro Hospitalar Universitário São João
COVID-19 Coronavirus disease 2019
E Epiploon adipose tissue
HDL High-density lipoprotein
IPO-Porto Instituto Português de Oncologia do Porto
IPO8 Importin 8
LDL Low-density lipoprotein
NRP1 Neuropilin-1
S Spike
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
T Thigh
TMPRSS2 Transmembrane protease serine 2
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Abstract: Type 2 diabetes mellitus is a chronic metabolic disease with no cure. Adipose tissue is
a major site of systemic insulin resistance. Sortilin is a central component of the glucose trans-
porter -Glut4 storage vesicles (GSV) which translocate to the plasma membrane to uptake glucose
from circulation. Here, using human adipocytes we demonstrate the presence of the alternatively
spliced, truncated sortilin variant (Sort_T) whose expression is significantly increased in diabetic
adipose tissue. Artificial-intelligence-based modeling, molecular dynamics, intrinsically disordered
region analysis, and co-immunoprecipitation demonstrated association of Sort_T with Glut4 and
decreased glucose uptake in adipocytes. The results show that glucagon-like peptide-1 (GLP1) hor-
mone decreases Sort_T. We deciphered the molecular mechanism underlying GLP1 regulation of
alternative splicing of human sortilin. Using splicing minigenes and RNA-immunoprecipitation as-
says, the results show that GLP1 regulates Sort_T alternative splicing via the splice factor, TRA2B. We
demonstrate that targeted antisense oligonucleotide morpholinos reduces Sort_T levels and improves
glucose uptake in diabetic adipocytes. Thus, we demonstrate that GLP1 regulates alternative splicing
of sortilin in human diabetic adipocytes.

Keywords: type 2 diabetes; human adipocytes; human adipose tissue; glucose uptake; splicing
minigene; antisense oligonucleotides; splice factors; TRA2B

1. Introduction

Type 2 diabetes mellitus (T2DM) continues to be a rising epidemic with more than
34.2 million Americans diagnosed with T2DM in 2020 and 88 million living with predi-
abetes [1]. The prevalence of T2DM has steadily increased since the mid-1900s and is
projected to reach 60.7 million Americans by 2060 [2]. T2DM, a chronic disease with no
cure, is characterized by hyperglycemia and insulin resistance and promotes metabolic
syndrome and comorbidities such as cardiovascular disease, neuropathy, and nephropathy.

Adipose tissue is a major site of systemic insulin resistance contributing to T2DM
progression and serves as a predictor for cardiovascular disease [3]. Nearly 90% of patients
with T2DM are overweight or obese [1]. In adipocytes, the major glucose transporter,
glucose transporter- 4 (Glut4), is tethered in the cytoplasm within Glut4 Storage Vesicles
(GSVs) [4]. Postprandial signals translocate GSVs to the membrane, integrating Glut4
for glucose uptake from the circulation and GSVs are later recycled back through the
trans-Golgi network [5]. Perturbed signaling in insulin-resistant adipocytes results in
less translocation of GSVs to the plasma membrane and thus reduces glucose uptake,
contributing to the diabetic pathology [6–8].
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Components of GSVs have been identified [9–12] and of these, trafficking protein
sortilin is an essential factor for GSV formation and function [13,14]. Sortilin is a multi-
ligand sorting receptor ubiquitously expressed in the body. Its cellular role involves
endocytosis of targets and trafficking of multiple vesicles through the trans-Golgi network
as well as targeting to the lysosome for degradation. In adipocytes, sortilin’s luminal
domain binds Glut4 [15], and its motif rich cytoplasmic tail guides sortilin through the
trans-Golgi network via specific post translational modifications [16,17] and interactions
with various proteins [18–20].

Alternative splicing increases protein diversity by generating distinct proteins from
the same gene via inclusion and exclusion of exons or alternate 5′ or 3′ splice site usage.
Alternative splicing produces multiple products, often with different functions, from the
same gene. Mis-regulation of alternative splicing may contribute to or cause a disease [21].
An alternatively spliced human sortilin variant was identified in neurons with inclusion of
an exon, named exon 17b, inserted between exons 17 and 18 in sortilin pre-mRNA [22,23].
Importantly, the mouse and human sortilin pre-mRNA sequences are different, and it has
been demonstrated [22–24] that a longer sortilin splice variant is present in mouse cells,
which is not seen in human cells. In neurons, sortilin functions as a receptor for progranulin,
while in adipocytes, sortilin is a component of the GSVs and functions as a sorting protein.
However, presence of alternatively spliced variants of sortilin in human adipocytes, and
their roles in glucose metabolism are not yet reported. Since sortilin is a component of GSVs
in adipocytes and glucose uptake is reduced in diabetes, we evaluated human adipose
tissue and human adipocytes from normal and type 2 diabetic individuals for the presence
of sortilin splice variants. Our results demonstrate presence of the truncated splice variant
(Sort_T) in human adipose tissue and adipocytes whose expression is increased in T2DM.
Based on this discovery, we evaluated the role of the splice variant Sort_T in glucose
uptake in T2DM adipocytes. The results demonstrate that Sort_T over-expression decreases
glucose uptake in adipocytes. Glucagon-like peptide-1 (GLP1), an incretin hormone, and
its analogs regulate glucose uptake and are widely used as therapeutics to manage T2DM.
However, the effect of GLP1 on the expression of sortilin splice variants is not yet known.
Hence, we hypothesized that GLP1 may regulate the alternative splicing of sortilin in
human adipocytes. We have systematically evaluated the underlying alternative splicing
mechanisms of sortilin pre-mRNA regulated by GLP1 in diabetic adipocytes.

2. Results

2.1. Alternatively Spliced Sortilin Variants in Human Adipocytes

Human visceral adipose stem cells (hASCs; from ZenBio™, Durham, NC, USA) from
pooled nondiabetic or type 2 diabetic donors were used for experiments. We have pre-
viously shown that these hASCs maintain the patient’s phenotype [25,26]. To evaluate
the expression of sortilin, type 2 diabetic (T2DM) and nondiabetic (NDM) hASCs were
differentiated to mature adipocytes, PCR was performed using primers targeting different
domains of sortilin, and products were separated on a 1% agarose gel (Figure 1a). A single
product was detected using primers that amplify sortilin’s exons 4 to 6 in both NDM and
T2DM adipocytes. Two products were detected in T2DM adipocytes using primers that
amplify sortilin’s exons 16–20. To determine the identity of these two PCR products, bands
from the gel were purified and sequenced. Sequencing results (Figure 1b) indicated an
inclusion of 99bp in the upper band, which corresponded to the exon 17b and confirmed the
presence of the alternatively spliced variant as a result of exon 17b inclusion between exons
17 and 18 in human adipocytes. Further analysis of this sequence revealed an in-frame
stop codon TAG (indicated by bold, underlined). Sequences were compared to exonic
and intronic sequences from NCBI (Reference Sequence NM_002959.7, Gene ID: 6272 in
Homo sapiens). The constitutively expressed product is referred to as Sort_FL, while the
alternative variant is referred to as Sort_T. Our results demonstrate alternative splicing
of sortilin in human adipocytes and increased levels of the alternatively spliced variant
Sort_T in T2DM adipocytes.
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Figure 1. Sortilin alternatively spliced variants in diabetic human visceral adipocytes and adipose
tissue. (a) HASCs from diabetic (DM) and nondiabetic (T2DM) donors were differentiated to mature
adipocytes, RNA was isolated, and PCR performed using primers amplifying the region between
exon 4 to 6 or the region between exon 16 to 20 (exon numbers of sortilin indicated in schematic).
Products were separated on a 1% agarose gel and visualized using ethidium bromide staining. Graphs
show densitometric analysis of individual PCR products normalized to GAPDH (n = 4). Statistical
analysis was performed using t-test and ** p < 0.01. (b) The PCR products obtained using primers
to sortilin cytoplasmic tail on exon 16 (sense) to exon 20 (antisense) were purified and sequenced.
Sequencing of top band revealed inclusion of a 99bp sequence (as indicated by blue font), named
exon 17b, between exons 17 and 18 of sortilin mRNA with an in-frame stop codon (bold, underlined).
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(c) Adipose tissue from male and female, nondiabetic and diabetic donors was homogenized, and
RNA was isolated. Real-time QPCR was performed using primers specifically within exon 17b
detecting Sort_T and primer on the exon 17 to exon 18 junction to detect Sort_FL. A standard curve
for each sortilin variant was included with the qPCR assay along with samples analyzed in triplicate.
Absolute quantification (AQ, ng) for Sort_FL and Sort_T was calculated by normalizing the values
to GAPDH absolute levels. Statistical analysis was performed using t-test between T2DM and
NDM within each gender, ** p < 0.01 and *** p < 0.001. (d) Adipose tissue from T2DM and NDM
donors were homogenized and whole-cell lysates were harvested. Western blot was performed and
immunoblotted using Sort_T specific antibody as indicated. Graphs show densitometric analysis of
Sort_T normalized to GAPDH (n = 3). Statistical analysis was performed using two-tailed Student’s
t-test and ** p < 0.01. (e) Schematic of sortilin pre-mRNA alternative splicing generating Sort_FL
mRNA and Sort_T mRNA which produces Sort_FL protein (with C-terminal cytosolic tail) and
Sort_T (truncated C-terminal). (f) T2DM and NDM hASCs were differentiated and harvested every
four days (Day 0 preadipocytes: D0, Day 4 differentiated adipocytes: D4, Day 8 mature adipocytes:
D8) to determine sortilin variant levels during adipogenesis. Real-time SYBR Green qPCR was
performed using primers specifically for Sort_T and Sort_FL. A standard curve for each sortilin variant
was included with the qPCR assay along with samples analyzed in triplicate. Graphs represent
absolute quantification (AQ, ng) for Sort_FL and Sort_T calculated by normalizing to GAPDH
AQ. Percent exon 17b inclusion was calculated using the following equation: %exon inclusion =

Sort_T
Sort_T+Sort _FL ∗ 100%. Statistical analysis was performed via multiple t-tests between diabetic and

nondiabetic samples for each sortilin variant at different time points (n = 3). * p < 0.05, *** p < 0.001,
ns = not significant. (g) Western blot was performed on NDM and T2DM D0, D4 and D8 whole-cell
lysates using antibodies to N-terminal sortilin (detects both Sort_FL and Sort_T simultaneously) and
GAPDH. Experiments repeated thrice. (h) NDM hASCs were differentiated in the presence of 25 mM
glucose and harvested every 48 h along with a control sample. Real-time SYBR Green qPCR was
performed. Graphs represent absolute quantification (AQ, ng) for Sort_FL and Sort_T calculated by
normalizing to GAPDH and percent exon 17b inclusion was calculated using the following equation:
%exon inclusion = Sort_T

Sort_T+Sort _FL ∗ 100%. Statistical analysis was performed via multiple t-tests
between control and high-glucose (HG) samples for each sortilin variant at different time points
(n = 3). ** p < 0.01, *** p < 0.001, ns = not significant.

2.2. Sort_T Is Increased in Diabetic Visceral Adipose Tissue

Human visceral adipose tissue from T2DM and NDM donors (de-identified, male
and female, n = 8 each, NHSR determination) were obtained to determine the presence
of sortilin variants. Real-time qPCR was performed using primers specifically on exon
17b detecting Sort_T and a primer on the exon 17 to exon 18 junction to detect Sort_FL.
The results demonstrate a marked increase in Sort_T levels in T2DM adipose tissue with
concurrent reduced Sort_FL levels compared to NDM adipose tissue. This pattern occurred
in both male and female adipose tissue (Figure 1c). Interestingly, total sortilin levels are
lower in females compared to males. To confirm protein levels of truncated sortilin variant
in adipose tissue, a Western blot was performed (Figure 1d). Lysates from NDM and T2DM
visceral adipose tissue were analyzed via Western blot using Sort_T specific antibody.
The results show increased Sort_T protein expression in T2DM adipose tissue. Figure 1e
shows a schematic of sortilin pre-mRNA alternative splicing generating Sort_FL mRNA
and Sort_T mRNA, which produces Sort_FL protein (full length with C-terminal cytosolic
tail) and Sort_T (truncated C-terminal, missing cytosolic tail), respectively.

2.3. Differential Sortilin Splice Variant Expression in Nondiabetic and Diabetic Adipocytes
during Adipogenesis

Next, we sought to elucidate the expression of sortilin splice variants during adipogen-
esis. The NDM and T2DM hASCs were differentiated and harvested as pre-adipocytes (D0),
terminally differentiated adipocytes (D4), and mature adipocytes (D8). RNA was processed
using real-time qPCR using primers specific for Sort_T and Sort_FL. The percent of Sort_T
in total sortilin was calculated as percent exon inclusion for D0, D4 and D8 (Figure 1f).
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Western blot analysis was performed on whole-cell lysates and the results show high Sort_T
expression levels during adipogenesis in T2DM compared to NDM (Figure 1g). These
results demonstrate that Sort_T is significantly increased during adipogenesis in T2DM
adipocytes.

2.4. Hyperglycemia Increases Expression of Sort_T during Adipogenesis

To elucidate the effect of hyperglycemia (hallmark of diabetes) on sortilin alternative
splicing, NDM hASCs were grown and differentiated in the presence of 25 mM high glucose
(HG) and collected every 48 h. Real-time qPCR was performed using primers specific for
Sort_T and Sort_FL and results showed a marked increase in Sort_T levels and percent
exon 17b inclusion in response to hyperglycemia (Figure 1h).

2.5. Molecular Dynamics and Intrinsic Disorder Analysis of Sortilin Splice Variants

Available structures of sortilin in the literature and the Protein Data Bank only consist
of the VPS10p luminal domain. With the improvement of molecular modeling, especially de
novo prediction, we sought to model the complete conformation of sortilin splice variants
(Figure 2a) using AlphaFold2 (https://alphafold.ebi.ac.uk/), an artificial intelligence (AI)
software by DeepMind [27]. Following 3D structure prediction, the lowest energy folding
compositions for Sort_T and Sort_FL were equilibrated for 100 ns using molecular dynamics
(MD) performed with NAMD 2.12 [28] using the CHARMM36m force field [29]. Root mean
square deviation (RMSD) for sortilin splice variants (Figure 2b) indicates stability of protein
conformations over time [30,31].

Figure 2. Molecular modeling and association of sortilin variants with Glut4. (a) De novo structure
of sortilin splice variants was modeled using AlphaFold software. (b) Molecular dynamics (MD) was
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performed on the lowest energy structure for Sort_T and Sort_FL using Schrodinger software. RMSD
was calculated, indicating stability over 100 ns MD minimization. (c) Intrinsic disorder was predicted
using PONDR-Fit software (http://original.disprot.org/pondr-fit.php) using sequences for each
sortilin variant. Scores over 0.5 are predicted to be intrinsically disordered. (d) NDM adipocytes
were transfected with Sort_T for 48 h. Conditioned media was collected from NDM, T2DM, or NDM
over-expressing Sort_T, methanol extracted and analyzed via Western blot using the Sort_T specific
antibody. Ponceau-S staining was used to visualize equal loading of lysates in the lanes. (e) Using the
protein folding server I-TASSER (https://zhanggroup.org/I-TASSER/) and Schrodinger, models of
Sort_FL, Sort_T and Glut4 were generated and equilibrated. Visualization and analysis were carried
out using VMD 1.9.3. Characterization of protein–protein interactions between sortilin variants and
Glut4 was carried out using ClusPro. Sort_FL was embedded into the membrane at TM domain
(Shown as brown bars). Glut4 binding region (G4BR) is shown in blue. Arg (R292, in red) is on end of
exon 17 and serves as an orientation point. The additional amino acids on Sort_T are shown in green.
(f) Coimmunoprecipitation assay was performed by using Glut4 antibody for immunoprecipitation.
Western blot analysis was then performed on the immunoprecipitated (IP) samples using antibodies
against sortilin (against the N-terminal domain recognizing both variants) or Glut4 as indicated in the
figure. Graphs show densitometric analysis of individual sortilin bands normalized to Glut4 (n = 3).
Simultaneously, the input lysate was analyzed via Western blot using antibodies against sortilin or
Glut4 (n = 3). Statistical analysis was performed via two-tailed t-test, ns = not significant.

Since insertion of exon 17b occurs between the disordered 10CC motif [32] and the
ordered transmembrane domain, we evaluated whether the sortilin exon 17b insertion
introduced ordered or amplified the already intrinsically disordered 10CC region. In-
trinsically disordered regions (IDRs) have increased solvent exposure due to reduced or
absent secondary and tertiary structure. This open conformation may account for more
post-translational modifications and potential binding partners, but may affect the overall
protein’s function if the domain is necessary for protein–ligand affinity [33]. Using the meta
predictor PONDR-Fit (http://original.disprot.org/pondr-fit.php), protein sequences for
Sort_FL and Sort_T were analyzed. PONDR-Fit calculates an average disorder score and
standard error per residue and thus predicts disorder indicated by scores over 0.5 [33,34].
The results (Figure 2c) show that Sort_FL contains the ordered structure of the transmem-
brane region (blue) and the intrinsic disordered cytoplasmic domain (ID score over 0.5).
The results also demonstrate that the 10 amino acids of Sort_T (marked in red) contribute
to the 10CC intrinsic disordered region.

2.6. Sort_T Is Secreted from Adipocytes

Since Sort_T lacks the transmembrane domain, we evaluated whether sortilin is
present extracellularly in adipocytes. NDM adipocytes were transfected with Sort_T
for 48 h. Conditioned media were collected from NDM, T2DM, or NDM over-expressing
Sort_T, methanol extracted and analyzed via Western blot using the Sort_T specific antibody.
The results (Figure 2d) show increased Sort_T in media from T2DM and in NDM over-
expressing Sort_T compared to NDM adipocytes.

2.7. Computational Modeling Predicts Sort_T Maintains Ability to Bind Glut4

The lowest energy conformation structures for Sort_FL, Sort_T, and Glut4 were gen-
erated as described above. Previous studies indicate sortilin’s VPS10p domain binds the
first loop of Glut4’s luminal domain [15]; thus, computational modeling was used to dock
each sortilin splice variant to the first luminal loop of Glut4 using the ClusPro [35] server
(https://cluspro.org/). The results (Figure 2e) predict similar Glut4 interaction for both
Sort_T and Sort_FL at a site distant from the well-studied inner propeller binding pocket in-
dicated by the Arg-292. The similar interaction conformations suggest the retained binding
ability of Sort_T to Glut4.
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2.8. Glut4 Binds to Sort_FL and Sort_T

To verify binding of Sort_T to Glut4, a co-immunoprecipitation assay was performed
in NDM and T2DM adipocytes. Glut4 antibody was used to immunoprecipitate associated
proteins and a Western blot was performed. Antibody targeting sortilin’s N-terminal
domain was used to visualize both sortilin variants. The results (Figure 2f) show Glut4
binds both Sort_FL and Sort_T splice variants in NDM and T2DM adipocytes.

2.9. Effects of Sortilin Splice Variants on Insulin Stimulated Glucose Uptake

Next, we evaluated the physiological outcome of increased Sort_T levels in adipocytes.
Sort_T was overexpressed in NDM adipocytes, then treated with 100 nM insulin followed
by glucose uptake assay. Over-expression of Sort_T was verified via real-time qPCR
(Figure 3a). Impaired insulin stimulated glucose uptake was seen in NDM adipocytes
overexpressing Sort_T compared to control NDM (Figure 3b).

Figure 3. Sort_T overexpression decreases insulin stimulated glucose uptake. (a) Sort_T was trans-
fected into NDM adipocytes, and RNA was harvested to confirm overexpression of Sort_T by qPCR
analysis. *** p < 0.001, ns = not significant. (b) Simultaneously Sort_T was overexpressed in NDM
adipocytes and glucose uptake assay was performed and uptake of 2 deoxyglucose-6-phosphate:
(2DG) was measured; lipofectamine mock transfection, no DG and lysed cells were used as controls
(n = 5). Statistical analysis was performed by multiple t-tests between basal and insulin treated
samples; *** p < 0.001, ns = not significant. (c) Sort_FL was over-expressed in T2DM adipocytes,
and RNA was harvested to confirm Sort_FL overexpression via qPCR analysis. Statistical analysis
was performed by multiple t-tests between DM and Sort_FLoe samples; *** p < 0.001, ns = not
significant. (d) Simultaneously, glucose uptake assay was performed on T2DM adipocytes over-
expressing Sort_FL as described above (n = 3). Controls included NDM adipocytes, lipofectamine
mock transfection, no 2DG, and lysed cells. Statistical analysis was performed via multiple t-tests
between basal nondiabetic and diabetic adipocytes, and basal and insulin treated samples; * p < 0.05,
*** p < 0.001, ns = not significant.
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To determine if increasing Sort_FL levels in T2DM adipocytes could enhance insulin
stimulated glucose uptake, Sort_FL was overexpressed in T2DM adipocytes and glucose
uptake assay performed. Over-expression of Sort_T was verified via real-time qPCR
(Figure 3c). The results (Figure 3d) demonstrate no change in insulin-stimulated glucose
uptake with Sort_FL overexpression in T2DM adipocytes compared to control T2DM.

2.10. GLP1 Decreases Exon 17b Inclusion in Sortilin Pre-mRNA

We evaluated therapeutics developed for T2DM management and sought to determine
if they may affect alternative splicing of sortilin. To test this, T2DM adipocytes were treated
with metformin, rosiglitazone, insulin, or glucagon-like peptide-1 (GLP1). RNA was
isolated and qPCR was performed using primers specific to Sort_T or Sort_FL. The results
(Figure 4a,b) show all treatments reduced Sort_T expression; however, GLP1 was the most
effective at significantly reducing Sort_T levels and increasing Sort_FL in T2DM adipocytes.

Based on these results, we determined the effect of GLP1 on sortilin splice variants by
performing a dose and time curve. T2DM adipocytes were treated with increasing doses of
GLP1 for 30 min and qPCR was performed. The absolute quantification and percent exon
inclusion results (Figure 4c) demonstrate that 8 nM of GLP1 is an optimal dose for reducing
exon 17b inclusion into sortilin pre-mRNA in T2DM adipocytes. This was followed by a
time curve using 8 nM GLP1 concentration in T2DM adipocytes. Absolute quantification
and percent exon inclusion was determined, and the results (Figure 4d) demonstrate a
time-dependent decrease in Sort_T expression levels. Next, T2DM adipocytes were treated
with GLP1 (8 nM) for 30 min. Cells were simultaneously harvested for Western blot
analysis of protein expression of sortilin variants and gel PCR for sortilin splice variant
levels. Additionally, RNA from T2DM adipocytes treated with 8 nM or 30 nM GLP1was
also evaluated simultaneously for sortilin splice variant expression using real-time qPCR.
The results (Figure 4e) show decrease in Sort_T in GLP1 treated T2DM adipocytes.

2.11. GLP1R Agonist Liraglutide Decreases Exon 17b Inclusion in Sortilin Pre-mRNA

GLP1 has a short half-life of two minutes and GLP1R agonists have been developed
with modifications to increase stability of the peptide. Liraglutide has a 97% sequence
homology to GLP1 and has an inclusion of a fatty acid chain and a Lys34Arg substitution,
which increases the half-life to 13 h in vivo [36–38]. Hence, we evaluated liraglutide’s
effects on sortilin’s pre-mRNA alternative splicing. The T2DM adipocytes were treated
with 8 nM or 30 nM liraglutide for 10 min. The results (Figure 4f) show a dramatic reduction
of Sort_T with a concurrent increase in Sort_FL.
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Figure 4. GLP1 reduces Sort_T levels in diabetic adipocytes. T2DM adipocytes and treated with 10 μM
metformin (24 h), rosiglitazone (24 h), 100 nM insulin (30 min) or 30 nM GLP1 (30 min). RNA was
isolated and qPCR was performed using primers specific to (a) Sort_T or (b) Sort_FL. To determine
absolute quantities (AQ, ng) of each splice variant, a standard curve was included and normalized to
GAPDH expression (n = 3). Statistical analysis was performed using one-way ANOVA, comparing each
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treatment to control. * p < 0.05, ** p < 0.01, *** p < 0.001, ns = not significant. (c) T2DM adipocytes
treated with increasing doses of GLP1 for 30 min. RNA was isolated and qPCR was performed using
primers specific to Sort_T and Sort_FL. A standard curve for each sortilin splice variant was included
and absolute quantification (AQ) was determined and normalized to GAPDH levels (n = 3). Percent
exon inclusion was determined from absolute quantification of each splice variant using the following
equation: %exon inclusion = Sort_T

Sort_T+Sort _FL ∗ 100%. Statistical analysis was performed via one-way
ANOVA using untreated T2DM adipocytes as control, ** p < 0.01, and *** p < 0.001, **** p < 0.0001.
(d) T2DM adipocytes were treated with 8 nM GLP1 and RNA was harvested at different time points
(n = 3). QPCR was performed using primers specific to Sort_T and Sort_FL. A standard curve for each
sortilin splice variant was included and absolute quantification quantified and normalized to GAPDH
levels followed by quantification of percent exon inclusion. Statistical analysis was performed via one-
way ANOVA using untreated diabetic adipocytes as control, ** p < 0.01, and *** p < 0.001. (e) T2DM
adipocytes were treated with 8 nM GLP1 for 30 min. Whole-cell lysates were analyzed via Western
blot using antibodies against sortilin (against the N-terminal domain recognizing both variants) or
GAPDH (n = 3) or total RNA was used in PCR with primers spanning exon 16 to exon 20 (detecting
both variants). Products were separated on 1% agarose gel and visualized using ethidium bromide
(n = 3). Separately, real-time qPCR was performed using primers specific to Sort_T and Sort_FL.
A standard curve for each sortilin splice variant was included and absolute quantification was
determined and normalized to GAPDH levels (n = 3). Statistical analysis was performed via one-way
ANOVA using untreated T2DM adipocytes as control, * p < 0.5, ** p < 0.01, and *** p < 0.001. (f) T2DM
adipocytes were treated with 8 nM or 30 nM Liraglutide, a GLP1 receptor agonist, for 10 min. RNA
was isolated and qPCR was performed using primers specific to Sort_T and Sort_FL (n = 3). Percent
exon inclusion was determined from absolute quantification of each splice variant using the following
equation: %exon inclusion = Sort_T

Sort_T+Sort _FL ∗ 100%. Statistical analysis was performed via one-way
ANOVA using untreated T2DM adipocytes as control. ** p < 0.01, *** p < 0.001.

2.12. Predicted Splice Factors Regulating Sortilin Alternative Splicing in Diabetic Adipocytes

Splice factors are trans-acting proteins that are components of the spliceosome. The
binding of splice factors to their conserved cis sequences along the pre-mRNA regulates
the inclusion or exclusion of the exon by the spliceosome during pre-mRNA splicing. The
dynamic interaction of splice factors regulates the pattern of alternative splicing to produce
different mRNAs from a single gene. To predict the splice factors involved in sortilin’s
alternative splicing, sortilin exon 17b (99bp) and 200, base pairs upstream and down-
stream (totaling 499 nucleotides), were computationally analyzed using ESEfinder [39] and
SFmap [40]. The analysis revealed strong consensus sequences for splice factors hnRNPA1,
SRSF5 (aka SRp40), TRA2B (aka Tra2β1), TDP43, and SRSF1 (aka SF2/ASF) (schematic in
Figure 5a).

Since GLP1 treatment decreased the expression of Sort_T, we sought to determine if the
expression levels of any of the identified splice factors were affected by GLP1 treatment in
T2DM adipocytes in concurrence with the changes in Sort_T expression. T2DM adipocytes
were treated with 8 nM GLP1 for 30 min. Real-time qPCR was performed, and the results
show increased levels of Sort_T in T2DM adipocytes and a decrease in Sort_T levels in
response to GLP1 treatment (Figure 5b). Samples were further analyzed via qPCR for
expression levels of hnRNPA1, SRSF5, TRA2B, TDP43, and SRSF1 to identify the splice
factor whose expression levels correlated with Sort_T expression levels in GLP1-treated
T2DM adipocytes. The results (Figure 5c) demonstrate that TRA2B is increased in T2DM
adipocytes and treatment with GLP1 decreases its levels. While the levels of all these
splice factors differed between NDM and T2DM adipocytes, the results indicate TRA2B
(hereafter referred to as Tra2β1 protein) as the splice factor regulated by GLP1 treatment
whose expression pattern changed in concurrence with Sort_T expression levels.
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Figure 5. Tra2β1 mediates GLP1-regulated sortilin alternative splicing in diabetic adipocytes.
(a) Schematic of bioinformatics-predicted splice factor binding on human sortilin exon 17b sequence
and upstream intronic sequences. T2DM adipocytes were treated with 8 nM GLP1 for 10 min. RNA
was harvested and qPCR was performed (b) using primers specific to Sort_T and Sort_FL or primers
specific to (c) splice factors TDP43, TRA2B, SRSF5, hnRNAA1, and SRSF1. Results were normalized
to GAPDH, relative quantification (RQ) was calculated by setting NDM as reference (n = 3). Statistical
analysis was performed via two-tailed t-test between T2DM adipocytes and T2DM GLP1-treated
sample. * p < 0.05, ** p < 0.01 and ns = not significant. (d) NDM adipocytes were transfected with
Tra2β1 plasmid (Tra2β1oe) or lipofectamine mock transfection for 48 h. RNA was harvested, and
qPCR performed using primers specific to Tra2β1, Sort_FL and Sort_T. Results were normalized to
GAPDH, relative quantification (RQ) was calculated by setting NDM as reference (n = 3). Statistical
analysis was performed via two-tailed Student’s t-test. *** p < 0.001, * p < 0.05, and ns = not sig-
nificant. (e) Cell lysates were harvested from NDM adipocytes overexpressing Tra2β1 (Tra2β1oe)
and mock transfected control cells (NDM). Western blot was performed and immunoblotted using
antibodies indicated (n = 3). Graph represents percent exon inclusion from densitometric analysis of
blot using the equation: %exon inclusion = Sort_T

Sort_T+Sort _FL ∗ 100%. Statistical analysis was performed
via two-tailed Student’s t-test, *** p < 0.001.

2.13. Tra2β1 Regulates Sortilin Alternative Splicing in Diabetic Adipocytes

Next, we evaluated if Tra2β1 directly increases expression of Sort_T. For Tra2β1
overexpression, NDM adipocytes were transfected with Tra2β1 plasmid for 48 h. The
QPCR (Figure 5d) and Western blot analysis (Figure 5e) results demonstrate that Tra2β1
overexpression significantly promotes percent sortilin exon 17b inclusion and an increase
in Sort_T protein expression.
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2.14. GLP1 Decreases Inclusion of Sortilin Exon 17b in a Splicing Minigene

The heterologous splicing minigene is a tool used to study alternative splicing without
the influence of other endogenous factors. Hence, to evaluate if Tra2β1 could regulate
the inclusion of sortilin’s exon 17b directly, a sortilin exon 17b minigene was cloned. The
pSPL3 splicing vector has two constitutive splicing exons: splice donor (SD) and splice
acceptor (SA) exons, with a multiple cloning sites between them. Sortilin exon 17b and
200 bp upstream and downstream (499 bp) were cloned into the multicloning site of the
pSPL3 vector and the resulting sortilin splicing minigene (MG) was verified via sequencing.
Primer positions (Figure 6a) are depicted by arrows on SD and SA exons. Upon splicing,
two products are obtained: a constitutive splicing of SD–SA and a product of 99 base pairs,
larger due to the inclusion of sortilin exon 17b between SD and SA exons. The constitutive
splicing of SD to SA provides an in-sample control for comparison with exon 17b inclusion.

Figure 6. Human sortilin splicing minigene exon 17b inclusion is regulated by GLP1 and Tra2β1
(a) Schematic representing the sortilin splicing minigene (MG) with sortilin exon 17b (99 bp) and
200 bp of its flanking 3′ and 5′ introns cloned between exons SD (splice donor) and SA (splice
acceptor) on the pSPL3 heterologous splicing vector. The arrows indicate primer positions to generate
product with exon 17b inclusion (SD spliced to exon 17b spliced to exon SA) or exon 17b exclusion
(constitutive splicing of SD to SA). (b) MG was transfected into NDM and T2DM adipocytes followed
by GLP1 treatment (8 nM, 10 min) in T2DM (n = 3). RNA was isolated, and PCR was performed using
primers on exons SD and SA to yield two products (n = 3). Densitometric analysis was performed, and
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percent exon inclusion was calculated using the following equation: %exon inclusion =
SD_17b _SA

SD_17b_SA+SD _SA ∗ 100%. Statistical analysis was performed using one-way ANOVA. ** p < 0.01
and **** p < 0.0001. (c) NDM adipocytes were transfected with Tra2β1 plasmid (Tra2β1oe) for 48 h
followed by MG transfected for 24 h, RNA was isolated, and PCR was performed using primers
on exons SD and SA to yield two products (n = 3). Densitometric analysis was performed, percent
exon inclusion was calculated, and statistical analysis was performed using two-tailed Student’s
t-test, *** p < 0.001. (d) T2DM adipocytes were transfected with Tra2β1 siRNA (siTra2β1) for 48 h
followed by MG transfected for 24 h, RNA was isolated, and PCR was performed using primers on
exons SD and SA to yield two products (n = 3). Densitometric analysis was performed, percent exon
inclusion was calculated, and statistical analysis was performed using two-tailed Student’s t-test,
** p < 0.01. (e) T2DM adipocytes were treated with 8 nM GLP1 for 10 min. RIP assay was performed
by immunoprecipitating with Tra2β1 antibody, IgG antibody as a negative control, and SNRNP70
antibody as a positive control. RNA was eluted from antibodies and qPCR was performed using
primers specific for sortilin exon 17b and Western blot was performed on input (shown in inset) using
Tra2β1 antibody. ** p < 0.01. (f) U1, a spliceosome snRNP with known binding to SNRNP70 protein
was analyzed by qPCR as a positive control. Analysis to calculate fold enrichment was performed
using Ct values and Excel template provided by SigmaAldrich (St. Louis, MO, USA). Statistical
Analysis was performed using one-way ANOVA, comparing NDM vs. T2DM, and T2DM vs. T2DM
+ GLP1.

NDM and T2DM adipocytes were transfected with MG for 24 h and T2DM+MG were
treated with 8 nM GLP1 for 10 min. RNA was isolated and PCR was performed using SD
and SA primers. The results show an increase in exon 17b inclusion in T2DM adipocytes
compared to nondiabetic controls and a decrease in exon 17b inclusion with GLP1 treatment
(Figure 6b).

2.15. Tra2β1 Increases Inclusion of Sortilin Exon 17b in a Splicing Minigene

To determine the role of Tra2β1 on sortilin exon 17b inclusion, NDM adipocytes were
transfected with Tra2β1 plasmid for 48 h, followed by MG transfection for 24 h. PCR was
performed using SD and SA primers. The results show an increase in exon 17b inclusion
in the MG splicing with Tra2β1 overexpression compared to the lipofectamine control
(Figure 6c).

In separate experiments, Tra2β1 was depleted using siRNA in T2DM adipocytes for
48 h followed by MG transfection for 24 h. RNA was isolated and PCR was performed.
The results show a decrease in sortilin exon 17b inclusion in the MG splicing with reduced
Tra2β1 levels (Figure 6d).

2.16. RIP Assay Shows Decreased Tra2β1 Binding to Sortilin Pre-mRNA with GLP1 Treatment

To evaluate Tra2β1 binding to exon 17b on sortilin pre-mRNA, an RNA immunopre-
cipitation assay (RIP) was performed. NDM and T2DM adipocytes were treated with 8
nM GLP1 for 10 min, then harvested. RIP assay was performed using the Tra2β1 anti-
body to immunoprecipitate and pull down associated sortilin pre-mRNA. An SNRP70
antibody was used as a positive control and an IgG antibody served as a negative control.
A portion of input was removed to confirm equal Tra2β1 protein immunoprecipitation
(inset) and RNA was eluted. QPCR was performed using primers on sortilin exon 17b
and fold enrichment was calculated (Figure 6e). Fold enrichment for U1 binding (binds
SNRNP70 protein) was calculated (Figure 6f) as a positive control. The results show that
T2DM adipocytes have increased Tra2β1 binding to sortilin pre-mRNA, which is reduced
with GLP1 treatment.

2.17. Morpholino Antisense Oligonucleotides Decrease Exon 17b Inclusion and Improve Glucose
Uptake in Diabetic Adipocytes

Morpholinos are antisense oligonucleotides with a modified morpholine backbone,
resulting in the ability to influence splicing events without degradation of the pre-mRNA
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transcript. Morpholino ASOs were designed spanning the Tra2β1 consensus sequence
within exon 17b, such that the ASO inhibits Tra2β1 binding to sortilin pre-mRNA. The
optimal 25-mer ASO (ASO1152) was blasted using an NCBI Nucleotide Blast to confirm
uniqueness and minimize off target effects within the human genome. T2DM adipocytes
were treated with 1 μM or 10 μM ASO1152, or 10 μM of a nonspecific control ASO (ASONS),
or Endo-Porter transfection control (EP) for 48 h. The results (Figure 7a) show reduced
Sort_T expression with no change in Sort_FL expression levels with ASO. Western blot
analysis (Figure 7b) showed decrease in Sort_T protein levels. Apoptosis assay (Figure 7c)
demonstrated no toxicity with ASO1152. Next, T2DM adipocytes were treated with ASO1152,
and glucose uptake assay was performed. The results (Figure 7d) show improved insulin-
stimulated glucose uptake with the morpholino ASO1152 treatment.

Figure 7. Morpholino antisense oligonucleotides mask Tra2β1 binding site on sortilin pre-mRNA.
A Morpholino antisense oligonucleotide was developed to target the Tra2β1 consensus sequence
and named ASO1152. (a) T2DM adipocytes were treated with ASO1152 at 1 μM and 10 μM, mock
Endo-Porter transfection (EP), and nonspecific antisense oligo control (ASOns) at 10 μM for 48 h.
RNA was isolated and qPCR performed using primers specific to Sort_FL and Sort_T and normalized
to GAPDH levels and Endo-Porter mock transfection control (n = 3). ** p < 0.01, **** p < 0.0001.
(b) Simultaneously, Western blot analysis was performed using antibodies to N-terminal sortilin
(detects both Sort_FL and Sort_T simultaneously) and GAPDH (n = 3). Statistical analysis was
performed using one-way ANOVA. *** p < 0.001, and ns = not significant. (c) Acridine orange (AO)
and propidium iodide (PI) viability assay was performed on untreated T2DM adipocytes, Endo-
Porter mock transfection control, and morpholino ASO1152 treated T2DM adipocytes. Stained cells
were analyzed in a cellometer (n = 5). Statistical analysis was performed using one-way ANOVA.
ns = not significant. (d) T2DM adipocytes were treated with ASO1152. Insulin-stimulated glucose
uptake assay was performed and uptake of 2 deoxyglucose-6-phosphate: (2DG6P) was measured;
no DG and lysed cells were used as controls (n = 5). Statistical analysis was performed via multiple
t-tests between basal and insulin-treated samples; *** p < 0.001, ns = not significant.
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3. Discussion

Sortilin is a multiligand receptor and trafficking protein that is constitutively expressed
in multiple organs. Previously, Prudencio et al. described a truncated sortilin variant in the
brain and showed that in human neuronal cells, the truncated sortilin is a nonfunctional
receptor that does not internalize progranulin [22,41]. However, in adipocytes, sortilin
functions as a trafficking protein and binds to Glut4 in GSVs. Here, we report that in
addition to the constitutively expressed full-length sortilin (Sort_FL), human adipose
tissue and adipocytes express the alternatively spliced, truncated sortilin (Sort_T) splice
variant. We demonstrate that Sort_T expression is increased in human adipocytes from
T2DM individuals. Our data also show that Sort_T is found in the conditioned media
of diabetic adipocytes and non-diabetic adipocytes over-expressing Sort_T, which is in
concurrence with previous reports [22,41–43]. These results suggest that Sort_T is either
secreted directly from the trans Golgi network or is included in the GSV budding and held
in the cytoplasm. Sort_FL is comprised of a large and highly conserved VPS10p domain
(10-propeller structure) at its amino terminus, followed by a single-pass transmembrane
domain and a short motif rich C-terminal tail. The 10CC site (comprised of 10 cysteines
and 5 disulfide bonds) is directly below the VPS10p domain. The 10CC domain serves as
an allosteric site, affecting ligand binding and protein stability [44]. In the alternatively
spliced Sort_T variant, exon 17b inserts immediately after the 10CC site, introducing
10 novel amino acids prior to the stop codon, resulting in a truncated protein that lacks the
cytosolic tail (schematic shown in Figure 1e). The C-terminal cytosolic tail of Sort_FL binds
to retromer complex proteins and regulates movement of GSVs within the trans-Golgi
network [18–20].

Since Sort_T lacks the cytosolic tail, we sought to determine the role of Sort_T in GSVs
in adipocytes, which is not yet known. Artificial-intelligence-based structure prediction
and molecular modeling indicated that Sort_T retained its ability to bind Glut4, and
our coimmunoprecipitation assay results verified this interaction. The overexpression of
Sort_T in nondiabetic adipocytes reduced glucose uptake while the over-expression of
Sort_FL could not rescue T2DM glucose uptake. Based on these observations, we posit
that Sort_T may affect GSV stability and trafficking in adipocytes. In diabetic adipocytes,
the lack of sortilin’s C-terminus results in the loss of guiding interactions, including post-
translational modifications needed for endosomal sorting. Consequentially, Sort_T and
its associated proteins may be transported to the lysosome for degradation, contributing
to decreased glucose uptake. We are undertaking experiments such as pulse chase assays
and measurements of UPP and lysosomal proteases to evaluate if Sort_T goes through
lysosomal degradation with or without Glut4 in T2DM. This is beyond the scope of this
manuscript, which is focused on the GLP1-mediated alternative splicing of sortilin. GSV
has several components such as IRAP and LRP1, and the interaction of Sort_T with other
GSV proteins is unknown and is being investigated by our laboratory. It is also possible
that the absence of the cytoplasmic tail of Sort_T may not be solely responsible for aberrant
Glut 4 trafficking, as other GSV proteins may compensate for it. It is likely that multiple
defects contribute to impaired Glut4 trafficking and the degradation of GSVs in diabetes in
adipocytes.

GLP1 is an incretin hormone normally found in blood at low concentrations (50 pmol/L),
whose concentration is rapidly increased (peak levels of 200 pmol/L) following a meal [45].
Basal and postprandial levels of GLP1 are reduced in T2DM despite preservation of GLP1
receptor sensitivities and pathways. GLP1 was identified as a major contributor to the
success of bariatric surgery in alleviating insulin resistance [46,47], and the GLP1 response
is suggested as a predictor of success for remediation of T2DM via bariatric surgery [48–52].
GLP1 receptor agonists (GLP1Rs), GLP1 analogs, and DPP4 inhibitors behave similarly by
preserving or mimicking GLP1 action. This family of T2DM medications shows cardio-
protectivity, aids in weight loss via delayed gastric emptying and satiety, and has rare
instances of hypoglycemia. 3T3L1 adipocytes treated with GLP1 demonstrate increased
adipogenesis, resulting in advantages such as increased levels of Glut4, insulin receptor
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substrate-1 (IRS1), and insulin receptor β (IRβ) [53–55]. Contrasting results are seen
in human adipocytes differentiated from human adipose stem cells (hASCs). Human
adipocytes treated with GLP1 show a reduction of adipogenesis via a decreased expression
of PPAR-γ, CEBP-α, and GSK-3 [56–58].

Alternative splicing is a post-transcriptional process resulting in the expansion of
the transcriptome and proteome of a cell. This dynamic method is orchestrated by a
collection of trans factors such as RNA binding proteins and spliceosome components
(about 200 proteins associate/dissociate with the spliceosome) recognizing conserved cis
sequences on pre-mRNA. Alternative splicing events are unique to tissues, developmental
stages, sex, and disease states. The results of alternative splicing are pervasive, affecting
every function of the cell through a multitude of means. Serine-arginine rich splice factors
(SR proteins) are splicing enhancers known to act as a tether between pre-mRNA transcripts
and the spliceosome complex, thus increasing exon inclusion Studies have implicated SR
proteins in 5′ splice site selection, binding U1 snRNP, and aiding sequence recognition
for splicing [59–61]. Tra2β1 is an SR-like protein, also known as SFRS10 or RA301, and
is composed of two arginine-serine-rich (RS) domains with an RNA recognition motif
(RRM) in between. The TRA2B gene was initially discovered in Drosophila and was
named transformer 2β homolog and later renamed SFRS10 with a new SR splice factor
nomenclature introduced by Manley and Krainer in 2010 [62]. Tra2β1/SFRS10 is not to be
confused with SR splicing factor SRSF10 (also known as TASR1/SRp38/SRrp40). Increased
Tra2β1 is associated with circulatory thickening and lesions [63] and is increased with
inflammation [64] and nerve injury [65], while Tra2β1 is decreased in liver and muscle
where it regulates the splicing of LPIN1 in obese humans and mice [66]. In adipocytes,
Tra2β1 affects adipogenesis and enhances lipolysis [67]. Several genes are alternatively
spliced in insulin resistance and T2DM [68–70]; notably, the insulin receptor gene itself
is alternatively spliced and regulated by its own hormone ligand, insulin [71,72]. The
data in Figure 5b,c show that the splice factor, TDP43, is reduced in T2DM, concurrent
with increased Sort_T levels. Our unpublished data show that over-expressing TDP43
reduces Sort_T levels in adipocytes, which is in concurrence with previous reports on
neurons [22,41]. However, GLP1 treatment did not affect TDP43 levels but only affected
Tra2β1 levels as shown in Figure 5c. Hence, we pursued the evaluation of Tra2β1 as the
splice factor regulated by GLP1 treatment in T2DM adipocytes, as we sought to evaluate
the mechanism of the GLP1-mediated alternative splicing of sortilin in adipocytes.

Here, we demonstrate that the incretin hormone, GLP1, regulates the alternative
splicing of sortilin in human adipocytes. Hormones such as insulin and GLP1 and insulin-
sensitizers such as metformin and rosiglitazone affect kinases and phosphatases that
phosphorylate/dephosphorylate trans-factors in the spliceosome, thereby changing their in-
teraction (promote or inhibit) with the cis-element (consensus sequences) on the pre-mRNA.
These often affect common signaling pathways such as PKC, PKA, PI3K/AKT that cross-
talk to mediate the biological outcome. GLP1 mediates its effects via a G-protein-coupled
receptor and signals through the PI3K/AKT, PKA/cAMP, and PKC pathways [73,74]. Pre-
vious studies have indicated GLP1 inducing rapid changes (<15 min) in the ERK/MEK
pathway in adipocytes compared to slower changes in the PI3K/AKT signaling (2 h) [75].
GLP1 receptor (GLP1R) expression is higher in visceral adipose tissue compared to sub-
cutaneous adipose tissue [76]. GLP1-GLP1R signaling in adipocytes is also shown to
be mediated via the PKA and MAPK pathways in adipocytes [75,77]. Suppression of
GLP1R expression reduces proliferation and differentiation while inducing apoptosis of
pre-adipocytes [75]. GLP1 has also been shown to mediate its effects through the IL6 path-
way in human adipocytes [78]. We are currently evaluating whether GLP1 signaling may
also affect kinases that phosphorylate splicing trans-factors and whether it may potentially
affect alternative splicing events through the signaling cascades in adipocytes.

A widely used method to alter alternative splicing is the use of antisense oligonu-
cleotides (ASOs) to mask an enhancer or silencer binding site, resulting in exon skipping.
Morpholinos ASOs are comprised of a morpholine backbone to protect the ASO from

148



Int. J. Mol. Sci. 2023, 24, 14324

RNAse H recognition and cleavage [79,80]. An outcome of modified backbones is the abil-
ity to modulate exon inclusion/exclusion without the degradation of the whole pre-mRNA
transcript in the nucleus [81,82]. Our results demonstrate that morpholino ASO, targeted
to mask the Tra2β1 binding site on exon 17b, reduces Sort_T expression and improves
glucose uptake. This may be developed into a new therapeutic option for the management
of T2DM.

The in vivo environment in adipose tissue in individuals with type 2 diabetes is,
however, varied due to the polygenic nature of the disease. Hence, the limitation of
this study is that a direct effect of GLP1, modulating sortilin splicing and culminating
in improved glucose uptake in patients with type 2 diabetes, is yet to be demonstrated
in vivo. Additionally, Sort_T may influence the formation or trafficking of GSV, which may
be affected when sortilin splice variant levels are changed. The signaling pathway of GLP1
as well as the levels and mechanisms of association with its receptor (GLP1R) or signaling
via other receptors, to regulate alternative splicing of sortilin, remains to be established
in human adipocytes. In summary, we have identified sortilin alternative splicing as an
important regulatory process in human adipocytes, and our data indicate that high levels of
truncated sortilin substantially contribute to the manifestation of comorbidities associated
with type 2 diabetes. Using robust tools and assays, we have demonstrated that GLP1
regulates the alternative splicing of sortilin. The study has established that truncated
human sortilin has physiological consequences in glucose uptake in adipose tissue and
may be a viable target in the management of type 2 diabetes.

4. Materials and Methods

4.1. Cell Culture

Human-visceral-adipose-derived stem cells (HASCs) and media were purchased from
ZenbioTM (Durham, NC, USA) and passaged as pre-confluent cultures in pre-adipocytes
media at 37 ◦C and 5% CO2. Normal (HbA1c < 5.7%), and diabetic hASCs (HbA1c > 7%)
were from pooled donors and were BMI matched. On day 2, media were changed to
differentiation media, and cells were harvested on day 6 (4 days of differentiation) as
differentiated adipocytes for experiments. For mature adipocytes, cells were kept in
differentiation media for 6 days and changed to adipocyte media for 48 h before harvesting
on day 10.

4.2. Human Adipose Tissue

Visceral adipose tissue from male/female nondiabetic/diabetic donors (de-identified,
discarded samples from elective surgeries, BMI-matched, diabetic HbA1c > 6.5, nondiabetic
HbA1c < 6.5, IRB #Pro00020295: non-human subject research (NHSR)) was homogenized in
a bead homogenizer. Whole-cell lysates were harvested or RNA was isolated using Trizol
(ThermoFisher Scientific, Waltham, MA, USA) per manufacturer’s instructions.

4.3. Plasmid Transfections

Human sortilin plasmids for Sort_FL and Sort_T were designed by our lab and pur-
chased from VectorBuilder (Chicago, IL, USA). HASCs were grown to confluency and
differentiated for 2 days in differentiation media, 1 μg of plasmid per 1 mL of media, or
lipofectamine mock transfection control was performed following manufacturer’s instruc-
tions (Lipofectamine 3000, ThermoFisher #L3000015) for 48 h in differentiation media, total
4 days of differentiation.

4.4. Polymerase Chain Reaction

RNA was isolated using TrizolTM (ThermoFisher # 15596026) and cDNA was syn-
thesized using 1 μg RNA (260/230 > 1.8 and 260/290 > 1.8) using iScriptTM (Bio-Rad
#1708891). Target amplification was performed with 1 μL cDNA was and JumpStart RED-
Taq ReadyMix Reaction Mix (Sigma-Aldrich #P0982, St. Louis, MO, USA). Products were
separated on a 1% agarose gel, visualized using ethidium bromide, and imaged on the
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ProteinSimple FluorChemTM. Densitometric analysis was performed using AlphaView
Software (Version 3.3.0).

Human primers used included hSortilin exon 16 S to hSortilin exon 20 AS to see both
sortilin splice variants simultaneously. For qPCR analysis and absolute quantification,
human primers used included hSortilin exon 17b S and exon 17b AS to detect Sort_T or
hSortilin, exon 17 and exon 17/18 AS to detect Sort_FL. See Table 1 for all human primer
sequences. SYBR Green qPCR was performed on the ViiA 7 (ABI) and primer concentrations
were optimized for a single melt curve and consistent amplification. Plate set-up included
a standard series, no template control, and no reverse transcriptase control. A standard
curve was generated and used to calculate absolute quantities of target expression using
primers as per experiment. Samples were normalized to GAPDH.

Table 1. Human Primers with sequence used for PCR analysis and sequencing.

Gene Species Forward and Reverse Primer Sequences (5′-3′)

β-Actin Human CTCTTCCAGCCTTCCTTCCT
AGCACTGTGTTGGCGTACAG

Sortilin exon 16–20 Human AAGGGCCACGACCTGGAGTT
CAATCTCGAGCTATTCCAAGAGGTCCTCATCTG

Sort_T Human TTGTCCTAGAATCCAGCTCTGC
TCTGGGTGGGAAATAGGGAGT

Sort_FL Human TGGGGTAAATCCAGTTCGAG
GACTTGGAATTCTGTTTTTCCGGAC

GAPDH Human GATCATCAGCAATGCCTCCT
TGTGGTCATGAGTCCTTCCA

TRA2B Human TGTCTACTCGCAGGCGTCATGT
AGACACATCGGCAATGGGACCA

SD-SA N/A GTGAACTGCACTGTGACAAGC
CACCTGAGGAGTGAATTGGTC

Relative quotient (RQ) was determined using the comparative method (ΔΔCT). Primers
sequences are shown in Table 1 below. Primers were either purchased from Origene
(Rockville, MD, USA) or designed using the primer-designing tool Primer BLAST (NCBI)
including verification of primer specificity, followed by synthesis by Eurofins Genomics
(Louisville, KY, USA). Next, the optimal primer concentration for forward and reverse
primers was determined from a range of 50–900 nM. The final concentration was selected to
ensure efficiency and specificity for its target, based on the dissociation curve that showed
a single sharp peak, indicating that the primers amplify one specific target.

4.5. Western Blot Analysis

Cell lysates were harvested using lysis buffer (Cell Signaling 9803S, Danvers, MA,
USA) + 10% protease/phosphatase inhibitor (Pierce A32957, A32953 purchased from
ThermoFisher Scientific, Waltham, MA, USA). Conditioned media were collected from cells,
mixed with 4 times the volume of methanol, and vortexed well. A volume of chloroform
was added and vortexed followed by centrifugation of fat at 9000× g for 5 min. The interface
layer was carefully separated, mixed with 3 times the volume of methanol, followed by
centrifugation of fat at 9000× g for 10 min at 4 ◦C. The supernatant was decanted and the
pellet was reconstituted in lysis buffer. Lysates were kept on ice or stored in the freezer
for an hour, then sonicated briefly. Cell lysates (80 μg) were separated on a 7.5% SDS-
PAGE gel, wet-transferred to nitrocellulose membranes, blocked with 5% nonfat dried
milk in Tris-Buffered Saline with 0.05% Tween 20 (TBST). Membranes were probed with
Sortilin N- terminal antibody to visualize both splice variants (R&D Systems MAB3154;
RRID: AB_2192601, Minneapolis, MN, USA), Sortilin C- terminal antibody to visualize
full length sortilin (Abcam #ab16640; RRID: AB_2192606, Cambridge, UK), Glut4 (Cell
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Signaling #2213; RRID: AB_823508, Danvers, MA, USA), and GAPDH (Santa Cruz #sc25778;
RRID: AB_10167668, Dallas TX, USA). The Sort_T antibody was custom made by Pacific
Immunology (Ramona, CA, USA) against a synthetic peptide, CSPEKQDSHPQGHSLS, in
New Zealand white rabbits. The serum was passed through a peptide affinity column to
purify the monoclonal antibody. The specificity for Sort_T antibody was determined using
ELISA with pre-immune serum as a control. It was verified via a competition assay with
the peptide epitope followed by Western blot analysis.

Secondary HRP antibodies for rabbit (Biorad #5196-2504, Hercules, CA, USA) and
mouse (Biorad #0300-0108P, Hercules, CA, USA) were used with chemiluminesence reagent
(Pierce #32109 purchased from ThermoFisher Scientific, Waltham, MA, USA) for detection.
Images were digitally captured using ProteinSimple FluorChemTM and densitometric
analysis was performed using AlphaView Software (version 3.3.0).

4.6. Coimmunoprecipitation Assay

Human nondiabetic and diabetic pre-adipocytes were grown to confluency and dif-
ferentiated for 4 days in differentiation media. Cells were harvested and 200 μg in 200 μL
volume of lysate was used for coimmunoprecipitation assay. Lysates were rocked with
Protein A/G Agarose (Santa Cruz sc2003, Dallas, TX, USA) for 30 min at 4 ◦C to clear
nonspecific binding then centrifuged at 2000 rpm for 1 min to remove protein beads. Im-
munoprecipitation was performed using 2 μg Glut4-agarose antibody (Santa Cruz sc53566
AC, Dallas TX, USA) or IgG (Santa Cruz sc-51993, Dallas, TX, USA) as control and rocked
overnight at 4 ◦C. Lysate was then centrifuged, and pellet was washed with PBS and
resuspended in Laemmli buffer. Western blot analysis was performed as described above.

4.7. Glucose Uptake Assay

Human nondiabetic and diabetic pre-adipocytes were grown to confluency in a 96-
well plate and differentiated for 2 days in differentiation media; 1μg plasmid per 1 mL of
media for Sort_T, Sort_FL or lipofectamine control was overexpressed for 48 h in differ-
entiation media. Glucose uptake was performed (ProMega #TM467, Madison, WI, USA)
by measuring luciferase luminescence. Briefly, cells were serum-starved in Krebs-Ringer
Phosphate HEPES buffer (KRPH) for an hour before insulin treatment (100 nM, 10 min).
Cells were washed and treated with 1 mM of 2-deoxyglucose 6-phosphate (2DG6P) for 10
min. Cells were washed again in KRPH buffer and lysed. A standard curve was generated,
and luminescence was measured on a Biotek Synergy Mx microplate reader (Agilent Tech-
nologies, Santa Clara, CA, USA) using a 1 s integration time and 2DG6P quantification of
samples were calculated.

4.8. Computational Modeling

Sequences for full-length human Glut4 and Sort_FL were obtained from UniProt232

and Sort_T alternatively spliced variant sequence was derived via translation of Sort_T
nucleotide sequence and alignment with Sort_FL. Sequences were submitted to Alphafold
2.2.0 for protein folding and structure prediction. Folded sortilin variants and Glut4
proteins were minimized in Schrodinger protein preparation wizard (2019-1: Maestro,
Schrödinger, LLC, New York, NY, USA). Molecular dynamics simulations were performed
using NAMD 2.12 and CHARMM36m force field at a 100 ns time scale. The system was
prepared using the CHARMM-GUI solution builder, with a salt concentration of 150 mM
NaCl. Visualization and analysis were carried out using Visual Molecular Dynamics (VMD
1.9.3). The system was equilibrated for 100 ns, restraining the Cα atoms of the protein
(1.0 kcal/mol/A2) to allow for solvation. Root mean square deviations (RMSD) using
backbone Cα atoms were calculated using VMD RMSD trajectory tool (VMD 1.9.3)for
Sort_FL, and Sort_T. Protein–protein docking was performed using the last frame from the
equilibrated structures of Sort_T, Sort_FL, and Glut4 on the ClusPro server, targeting the
first luminal loop of Glut4 interaction to Sort_FL and Sort_T.
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4.9. Disorder Analysis

Sortilin protein sequences were analyzed using PONDR-Fit (www.disprot.org accessed
on May 2019), a multi-residue meta-predictor of intrinsic disorder in protein sequences.
PONDR-Fit uses an 8-fold cross-validation method to calculate a disorder score and stan-
dard error per residue. The results were exported from the PONDR-Fit server; prediction
scores above 0.5 are considered disordered.

4.10. Cloning Human Sortilin Exon 17b-Splicing Minigene

The human-sortilin-splicing minigene (MG) was cloned by isolating genomic DNA
from human adipose stem cells (hASCs) and amplifying exon 17b ± 200 bp of the upstream
and downstream introns using primers with designed SacI and NheI restriction sites. The
product and the pSPL3 splicing vector were digested with NheI and SacI restriction enzyme,
followed by ligating the insert into the pSPL3 splicing minigene. The orientation of insert
was verified via PCR and sequencing of the minigene.

4.11. RNA-Immunoprecipitation Assay (RIP)

Imprint RNA Immunoprecipitation kit (Sigma-Aldrich #RIP, St Louis, MO, USA)
was purchased and assay was carried out per manufacturer’s instructions. Briefly, hu-
man nondiabetic and diabetic adipocytes were differentiated into adipocytes and diabetic
adipocytes were treated with GLP1 (8 nM, 10 min); 2 × 106 cells were resuspended in 525
μL RIP Lysis buffer. Cells were harvested then rocked in protein A/G beads for 1 h to
clear nonspecific binding. Immunoprecipitation was performed with 2 μg Tra2β1/SFRS10
antibody, SNRNP70 antibody (positive control, Millipore #03-103), or IgG antibody (as a
negative control, included in kit). A portion was removed to confirm equal immunopre-
cipitation via Western blot. RNA was eluted, isolated, and treated with DNase to remove
genomic DNA. SYBR Green qPCR was performed using primers specific to sortilin exon
17b and U1 (positive control for SNRNP70). The yield (percent input) and specificity (fold
enrichment) were calculated using a provided RIP Excel template from Sigma-Aldrich (St.
Louis, MO, USA).

4.12. Morpholino Treatment

Human diabetic pre-adipocytes were grown to confluency in a 12-well plate and
differentiated for 2 days in differentiation media. Morpholinos were added to fresh dif-
ferentiation media, to a final concentration of 1 μM or 10 μM, and dish was swirled,
then Endo- Porter (Gene Tools, Philomath, OR, USA) 6 μL/mL of media was added
and swirled. Cells were incubated for 48 h. Sequences used for the 3′ splice site are 5′-
TGTGTGTATGATTGCACAGGACTCC-3′ and for the 5′ splice site, 5′-AGAAGCAGGTAGG
TTACACGAAAAC-3′.

4.13. Statistical Analysis

Densitometric analysis of Western blots was carried out using AlphaView™ software
(Version 3.3.0) from ProteinSimple™. Experiments were independently repeated three to
five times for reproducibility. PRISM software (version 10.0.2) (GraphPad) was used for
statistical analysis. Two-way analysis of variance (ANOVA) or Student’s t test was used
in the analysis, indicated by the figure legends (* p < 0.05, significant; ** p < 0.01, highly
significant; *** p < 0.001, extremely significant). Each data set passed the Shapiro–Wilk
normality test (alpha = 0.05).
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