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Lay Summary

Obesity is a major health challenge that can lead to serious problems like diabetes and
insulin resistance. In this thesis, we explored how obesity deteriorates body health and found
some potential ways to treat these health issues. When a person becomes obese, their body's
lower fat tissue, especially the one around the belly, gets expanded. We discovered that the
lower abdominal fat tissue becomes a battleground, for certain special immune cells called
macrophages, and they play a key role in disturbing fat tissue function. We found that a tiny
nucleic acid molecule called microRNA-210-3p, abundantly presents in macrophages and
converts them into more inflammatory. We also found if we can prevent miR-210-3p’s
function it can help to reduce the inflammation and restore fat tissue function, a novel way to
manage obesity-related health problems. Additionally, we found that in obesity, the fat tissue
macrophages send out tiny packages called extracellular vesicles to carry miR-210-3p and
disburse to nearby fat tissues and other parts of the body like muscles and liver via circulation.
These make the body's response to insulin worsens, which disturbs blood sugar level. But by
blocking these vesicles we can improve the insulin function of fat, liver, and skeletal muscles.
Lastly, we discovered that a well-known obese diabetic biomarker glycoprotein called fetuin-
A, which was known to be secreted from the liver and fat tissue in the circulation, but during
obesity, it can migrate to the nucleus and cause them to become old and damaged fat cells
which quickly lose their function. These novel findings can open up a new direction for

managing obese-induced type 2 diabetes.

In a nutshell, this study explores how obesity affects fat tissue health and finds a way to
manage it by targeting specific molecules and processes, that might help to develop new
treatments to improve the health of people globally who are suffering from obesity-related

issues like diabetes and insulin resistance.






Abstract

Chronic obesity presents a formidable challenge to biomedical researchers as its association
with metabolic disorders, notably insulin resistance (IR) and type 2 diabetes (T2D). In this study, we
unravel a multifaceted interplay within the obese visceral white adipose tissue (VWAT) that drives
adipocyte dysfunction, inflammation, and insulin resistance, offering potential therapeutic avenues for
managing these conditions. During chronic obesity, the VWAT undergoes significant expansion
generating a microenvironment (ATenv), characterized by elevated free fatty acids (FFAs) and
hypoxia, triggering a cascade of pathogenic events. Here in this thesis, we revealed microenvironment
significantly upregulates the expression of miR-210-3p in adipose tissue macrophages (ATMs),
promoting the polarization of proinflammatory ATMs and the release of proinflammatory cytokines.
Notably, the delivery of miR-210-3p mimic exacerbates macrophage inflammation even in the absence
of lipid surge (HL co-stimulation), while miR-210-3p inhibition mitigates HL-induced inflammation.
Mechanistically, miR-210-3p targets SOCSI, a negative regulator of the NF-xB p65 subunit which
negatively influences the inflammatory pathway. The direct delivery of anti-miR-210-3p LNA in the
VWAT rescues mice from obesity-induced adipose tissue inflammation, highlighting miR-210-3p
inhibition in ATMs as a promising therapeutic strategy. Furthermore, obese ATenv orchestrates the
release of miR-210-3p-enriched extracellular vesicles (EVs) from ATMs, which subsequently impair
glucose metabolism in lean mice by targeting GLUT4 expression and disrupting the insulin signaling
pathway. The therapeutic intervention using miR-210-3p inhibitor-LNA in vVWAT rescues high-fat diet
(HFD)-fed mice from obesity-induced systemic insulin resistance and glucose intolerance. Thus,
targeting obese ATM-specific miR-210-3p holds promise as a therapeutic strategy for managing IR
and T2D.

In the context of obesity, a tremendous increase in adipocyte senescence is observed as
adipocytes undergo irreversible growth arrest associated with the secretion of various adipokines,
cytokines, chemokines, and extracellular matrix proteins that contribute to IR and T2D. Here we reveal
that fetuin-A, previously recognized as a hepatokine and adipokine, serves as a nuclear regulatory
protein in adipocytes under obese ATenv conditions. HIF-1a directly interacts with fetuin-A and
mediates the nuclear migration, and activates senescence-associated secretory phenotypes (SASPs)
leading to adipocyte senescence. Ectopic expression of HIF-la and fetuin-A in adipocytes
independently induces senescence, even in the absence of pathophysiological stimuli. Additionally,
fetuin-A ablation rescues adipocytes from SASP activation and premature senescence in diet-induced
obese mice. These findings shed light on a novel mechanism of adipocyte pathogenesis, underscoring
the importance of nuclear fetuin-A and HIF-1a interaction in driving adipocyte senescence under obese

ATenv conditions.



Collectively, our study provides a comprehensive understanding of the multifaceted
mechanisms underlying obesity-induced adipose tissue dysfunction and insulin resistance, offering

potential therapeutic targets for addressing these critical health challenges.
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Chapter 1 | Introduction

Obesity, defined as excess fat accumulation in the body, becomes a vicious risk to human health,
contributing to over 4 million deaths worldwide (“Health Effects,” 2017). Once the world was
struggling with malnutrition, obesity was only considered a high-income country health problem, but
today's scenario is far away from the past, as low and middle-income country has a higher number of
obese peoples and the number is much higher than the underweight population in almost every corner
of this globe except few regions (Avenue et al., 2012; Bhurosy & Jeewon, 2014; “Health Effects,”
2017; Popkin & Slining, 2013). It enhances significant risk factors for developing various metabolic
disorders, including type 2 diabetes (T2D), non-alcoholic fatty liver disease, atherosclerosis, and
cardiovascular disease (Jin et al., 2023; Ormazabal et al., 2018). Obesity has been known as a major
causative factor for insulin resistance (IR), a major defect and an early sign of T2D (Kahn & Flier,
2000) which is now considered as a pandemic due to its growing pervasiveness worldwide. The major
burden of T2D is taking place in developing countries and most recent studies anticipated that Asia has
arisen as the world’s ‘diabetes epicenter’ and India will have more than 120 million adults with diabetes

by 2045 (Home et al., n.d.; Khan et al., 2019; Pradeepa & Mohan, 2021).

1.1 Background: Adipose tissue microenvironment and type 2 diabetes

Visceral white adipose tissue (VWAT), a specialized form of connective tissue predominantly
composed of adipocytes and stromal cells, including adipose stem cells, progenitor cells, preadipocytes,
macrophages, T cells, dendritic cells, various immune cell populations, endothelial cells, and
fibroblasts. It was once considered a storage depot for energy but more recently, it has been discovered
as a master regulatory tissue that maintains glucose and lipid homeostasis (Reyes-Farias et al., 2021;
Rosen & Spiegelman, 2006). This tissue exhibits a remarkable degree of plasticity, expanding
significantly in response to obesity. Adipocyte size can increase by up to 200-fold in obese individuals,
with a notable increase in the presence of adipose tissue macrophages (ATMs), which constitute
approximately 50% of stromal cells in obese adipose tissue, in contrast to 5—10% in lean adipose tissue
(Boutens & Stienstra, 2016). Excess storage of fat inside the adipocytes is a major consequence of its
functional defects that leads to the formation of hypertrophied adipocytes which release higher levels
of circulatory free fatty acids (FFAs), accompanied by the reduction of adipose tissue vascularisation
creating a zone deprived of adequate oxygen and nutrients (Goossens et al., 2011; Lempesis et al.,
2020; Snodgrass et al., 2016). Evidence showed that a severe drop in partial pressure of oxygen (pO-)
(also called hypoxia) takes place in the vWAT of obese diabetic patients as compared to lean non-
diabetic subjects, that correlates with the upregulation of HIF target genes expression which involved
in macrophage chemotaxis, angiogenesis, oxidative stress, cellular stemness and proliferation (Lee et

al., 2019; Snodgrass et al., 2016). Adipose tissue hypoxia plays a major role in adipose tissue
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inflammation and cause IR during the state of chronic obesity by secreting various proinflammatory
cytokines and chemokines (Pasarica et al., 2009). The chemokines, such as CCL2/MCP1, aggravate
the adipose tissue inflammation by heightened infiltration of macrophages and its polarization toward
the M1 phenotype, as evident in the obese adipose tissue of patients and mice (Wang et al., 2007; Ye
et al., 2007). On the other side, accumulation of excess fat within adipocytes is a primary consequence
of dysfunctional hypertrophied adipocytes, which, elevates the release free fatty acids (FFAs).
Increased FFA generates a state of chronic low-grade inflammation within both adipocytes and adipose
tissue macrophages (ATMs) by activating TLR4-NF-«xB pathway (Pal et al., 2012). Altogether, lipid-
enriched, hypoxia creates a pathophysiologic Adipose Tissue Microenvironment' (ATenv) within the
visceral adipose tissue during obesity which significantly potentiating inflammation, IR, and causing

metabolic dysfunction.
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Figure 1.1| Generation of lipid rich hypoxic adipose tissue microenvironment (ATenv) in obese

VWAT compared with lean ones.

1.2 Context

The obese ATenv dysregulates microRNA (miRNA) expression in adipocytes, macrophages, and other
cells, significantly contributes to AT dysfunction (Kurylowicz, 2021; Oger et al., 2014). Several studies
have reported altered miRNA profiles in obese adipose tissue, with distinct miRNAs being either
upregulated or downregulated compared to lean individuals (Arner et al., 2012; Heyn et al., 2020; Kiran
etal., 2021). These miRNA alterations extend their influence beyond adipose tissue, as they can impact

systemic metabolic homeostasis via paracrine and endocrine actions (Kiran et al., 2021). The
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consequences of adipose tissue dysfunction, including IR, dyslipidemia, and chronic inflammation,
play pivotal roles in the pathogenesis of obesity-related metabolic diseases such as type 2 diabetes and
cardiovascular disorders. Evidently, a few non-coding RNAs (e.g. miRNAs) can influence and
modulate systemic insulin sensitivity and glucose tolerance in the onset of obesity by silencing critical
signaling mediators. However, it was unclear whether ATenv-regulated non-coding RNAs directly
influence the insulin function of adipocytes. Therefore, understanding the regulatory role of
microenvironment-influenced miRNAs in adipose tissue dysfunction can offer potential insights for

therapeutic interventions targeting obesity-related metabolic complications.

Moreover, recent studies evidenced that the initiation of adipocyte senescence in obesity marks a
pivotal stage in the development of IR and metabolic disorders (Gustafson et al., 2022; Smith et al.,
2021; Tchkonia et al., 2010; Palmer et al., 2019). Obesity enhances adipocyte senescence by stimulating
the expression of multiple senescence-associated genes in VWAT (Tchkonia et al., 2010). Cellular
oxidative stress, chronic inflammation, lipotoxicity, due to lipid overload in vWAT drives adipocytes
into a state of senescence (Tchkonia et al., 2010; Manna & Jain, 2015). These senescent fat cells lose
their normal functions and, instead, release pro-inflammatory molecules as part of the senescence-

associated secretory phenotype (SASP) (Smith et al., 2021).

The complex interplay between adipocyte senescence, immune cell infiltration, inflammation, and IR
underscores the critical role of adipose tissue dysfunction in the pathophysiological ATenv to augment
obesity-related metabolic complications. Therefore, understanding these processes may pave the way
for innovative interventions aimed at alleviating the burden of metabolic disorders in the context of

obesity.

1.3 Research Questions

To understand the regulation of ATenv at the cellular and molecular level we quested for multiple
unanswered questions which has been addressed in this thesis. Our first question was (1) how ATenv
alters non-coding RNAs in immune cells that are involved in chronic inflammation? (2) whether
ATenv-regulated non-coding RNAs directly influence the insulin signaling pathway? (3) Can targeted
inhibition of epigenetic regulators at the pathophysiological environment protect from inflammatory
burden and IR? Lastly, (4) how does ATenv-influenced adipokine impact adipose senescence in
obesity? In this thesis, much importance was given to deciphering the molecular action of such ATenv-
induced miRNA/adipokine in developing inflammation and IR. By answering these critical questions

we understand the influence of ATenv in obesity-induced AT pathogenesis.
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1.4 Relevance

This thesis aims to understand the molecular factors involved in the progression of pathogenesis
in terms of inflammation, metabolic dysfunction, and cellular heterogeneity under obese ATenv. The
initial purpose was to unravel the molecular mechanism contributing to proinflammatory macrophage
enrichment in the visceral AT at the onset of obesity governed by lipid-rich hypoxic microenvironment.
This will not only provide basic molecular information contributing to macrophage polarization in
obesity but it will also identify the novel factor/s involved in pathogenesis, which can be further
channelized for the development of novel therapeutic targets to combat obesity and T2D. Studies were
designed to be performed on human patient samples and in-vivo models of obesity (DIO mice), for
physiological relevance. Upon initial finding of the molecular target, it was aimed to understand the
crosstalk between macrophages with adipocytes, and other insulin-responsive organs (e.g. liver,
skeletal muscle) via releasing EVs at a systemic level. This led to the consideration of the macrophage-
derived molecular target, as a critical therapeutic target molecule against this metabolic disorder.
Furthermore, we aim to identify the novel obesity-induced adipokine(s) (OIAs) and its contribution to
adipocyte senescence and insulin resistance in obesity-induced T2D. In addition, this study will also
explore the therapeutic efficacy of targeted suppression of OlAs in obese T2D mice models. Altogether,
the novel findings of obese AT microenvironment-influenced miRNAs and adipokines will open up
new avenues for researchers and clinicians, to conduct further preclinical studies for the development

of therapies against obesity-induced MM.

1.5 Specific aims

Specific aims of the study include:

1. To identify the role of hypoxia-induced miRNA in macrophage polarization in obese adipose tissue
microenvironment (ATenv).

2. To decipher the mechanism of AT macrophage-derived miRNAs function in contributing to insulin
resistance in obesity.

3. To identify and delineate the molecular mechanism of obesity-induced adipokine in potentiating

adipocyte senescence under ATenv.

1.6 Thesis outline

This thesis is organized into six chapters starting with chapter 1, the introduction, and chapter
2 is the review of the literature. Reports of the studies conducted to understand the obese adipose tissue

microenvironment (ATenv) are described in chapters 3-5. Chapter 6 is the concluding chapter.
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Briefly, Chapter 3 highlights the molecular mechanism of obese adipose tissue microenvironment in
macrophage polarization to potentiate chronic inflammation by using RAW264.7 murine
macrophages, primary adipose tissue macrophage, 3T3-L1 murine adipocytes, diet-induced obese mice
models and clinical samples from lean non-diabetic and obese diabetic patients. Here, we showed
ATenv significantly increased miR-210-3p expression in ATMs which promotes NF-xB dependent
proinflammatory cytokine expression along with the downregulation of anti-inflammatory cytokine
expression through increased production of suppressor of cytokine signaling 1 (SOCS1), a negative
regulator of the NF-kB inflammatory signaling pathway. Mechanistically, miR-210 directly binds to
the 3'-UTR of SOCS1 mRNA and silences its expression, thus preventing proteasomal degradation of
NF-xB p65. Direct delivery of anti-miR-210-3p LNA in the VAT (ATenv) of obese insulin-resistant
mice, showed a significant reduction in obesity-induced adipose tissue inflammation. Thus, miR-210-
3p inhibition in ATMs could be a novel therapeutic strategy for managing chronic inflammation in
obesity-induced adipose tissue pathogenesis. This studies reveals anti-miR-210 therapy can rescue

obese mice from inflammatory escalation.

In Chapter 4, the effect of ATenv-induced ATM-driven miR-210 surge on neighboring adipocytes and
other insulin target cells was studied by using murine Bone marrow-derived macrophages (BMDMs),
RAW 264.7 macrophages, 3T3-L1 adipocytes, HepG2 hepatocytes, C2C12 myoblasts, lean and obese
mice models and human samples. We found that obese ATenv intrigues excess release of extracellular
vesicles (EVs) from the (ATMs) to dispense miR-210-3p to the neighboring adipocytes and the skeletal
muscle and liver via paracrine and endocrine actions. EVs from Dicer silenced miR-210-3p
overexpressed bone-marrow-derived macrophages (BMDMs) when administered in lean mice, it was
found to potentiate glucose intolerance and IR in these mice. Mechanistically, miR-210-3p interacts
with multiple insulin signaling pathway molecules, including GLUT4, and silences its expression,
efficiently hindering the insulin signaling pathway. Therapeutic intervention by miR-210-3p inhibitor
LNA rescue high-fat diet (HFD)-fed mice from obesity-induced IR and glucose intolerance by
upregulating insulin signaling molecules in adipose tissue, skeletal muscle, and liver. Thus, obese
ATM-specific miR-210-3p can be a promising therapeutic target for managing obesity-induced IR and
T2D. This study claims Anti-miR-210 therapy can also bring back glycaemic homeostatic status in

obese T2D mice.

Chapter 5, unravels the molecular mechanism of adipocyte senescence under obese ATenv and its’
regulation by obesity-induced adipokine using clinical samples, diet-induced mice model, and 3T3-L1
murine adipocytes. Fetuin-A, a biomarker for obesity T2D, is released from liver tissue (hepatokine)
or adipose tissue (adipokine), contributing to inflammation and insulin resistance in the onset of obesity
(Chatterjee et al., 2013; Gerst et al., 2021; Pal et al., 2012). Here, we found that fetuin-A functioned as

a nuclear protein in the adipocytes under obese ATenv. The migration of fetuin-A from cytosol to the
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nucleus is facilitated by HIF-la, by directly interacting with fetuin-A under pathophysiological
conditions that trigger adipocyte senescence, a significant contributor to white adipose tissue (WAT)
dysfunction. Further fetuin-A inhibition significantly rescues them from senescence under obese. This
study uncovers novel action of fetuin-A in the development of adipocyte-senescence in obesity and

discovers fetuin-A as potential therapeutic candidate for managing obesity-induced AT senescence.
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Figure 1.2| Pictorial overview of thesis outline

The research work done in the thesis is divided into three main chapters: 3-5. Chapter 3 explains the
role of ATenv-induced miR-210-3p in ATM skewing under obese conditions that potentiate chronic
AT inflammation. Chapter 4 emphasizes the function of ATMs-derived miR-210-3p to aggravate
systemic insulin resistance in the obese ATenv. Chapter 5, explores the novel function of nuclear
fetuin-A on adipocyte senescence, which exacerbates at obese ATenv. Altogether, results obtained
from these studies decipher the involvement of obese adipose tissue microenvironment in visceral white

adipose tissue dysfunction.
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Obesity has now emerged as a global epidemic, posing a significant risk for several debilitating,
and deadly diseases such as type 2 diabetes (T2D), cardiovascular diseases (CVD), immune disorders,
nonalcoholic fatty liver disease (NAFLD), and various types of cancers. In addition, obesity also leads
to a reduced quality of life, a shorter lifespan, and increased healthcare expenses. Given its complex
pathophysiological nature, it is clear that obesity cannot be solely attributed to energy imbalance
between calorie intake and expenditure. Consequently, a range of metabolic abnormalities, oxidative
stress, mitochondrial dysfunction, immune system dysregulation, and persistent low-grade
inflammation have been observed in individuals with excess weight. In obesity, expanded adipose
tissue depots and altered glucose and lipid metabolism lead to systemic metabolic imbalance. Adipose
tissue plays an active role in maintaining overall metabolic balance through a complex communication
involving various tissues such as the liver, skeletal muscle, pancreatic endocrine cells, with the brain.
Adipose tissue (AT) responds to overnutrition by initiating an immune response and triggering the

inflammatory response (Jung & Choi, 2014; X. Lin & Li, 2021; Poirier et al., 2006).
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Figure 2.1| Obesity mediated pathophysiological alteration in liver, adipose tissue, and skeletal
muscle causing systemic inflammation and insulin resistance.

2.1 Overview of Adipose tissue

What sets adipose tissue apart from most other tissues is its remarkable ability to undergo changes
in size and cellular composition in response to both physiological and pathological conditions. These

adaptations to environmental and physiological challenges encompass not only alterations in the size,
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number, and function of adipocytes but also enduring quantitative and qualitative shifts in the tissue's
cellular composition. Adipose tissue undergoes expansion through hyperplasia, involving an increase
in adipocyte number, and hypertrophy, characterized by an increase in adipocyte size. Both hyperplasia
and hypertrophy serve as potential mechanisms for the expansion of adipose tissue to accommodate
surplus energy intake during obesity. Hyperplastic growth is observed primarily during the early stages
of adipose tissue development, whereas hypertrophy takes precedence to address the need for increased
fat storage capacity as obesity progresses; which underscores the dynamic and complex nature of
adipose tissue growth in response to genetic and dietary factors. Adipose tissue, comprises various
types, including white, brown, and beige adipose tissue, each with distinct functions. White adipose
tissue primarily stores energy as triglycerides, secretes adipokines regulating metabolism and offers
thermal insulation. Brown adipose tissue specializes in thermogenesis and energy expenditure through
uncoupled mitochondrial respiration. Beige adipose tissue contributes to thermogenesis and metabolic
flexibility. Subcutaneous White adipose tissue (sWAT) is situated beneath the skin and serves as both
a mechanical cushion and thermal insulator. It also stores excess energy as triglycerides. In contrast,
VWAT is located within the abdominal cavity, surrounding vital organs. vWAT is metabolically active,
secreting pro-inflammatory substances that can lead to insulin resistance and metabolic dysfunction
when present in excess. VWAT significant depots specifically the intra-abdominal organs (mesenteric,
omental, perigonadal, perirenal, and retroperitoneal) and surrounding the heart (pericardial) in both
humans and rodents. It is noteworthy that there is a difference between human and rodent vVWAT, where
humans possess detectable omental WAT (oWAT), while rodents exhibit large perigonadal WAT
(gWAT). This demarcation highlights the variability in adipose tissue distribution between the two

species.

Additionally, intrahepatic fat within the liver and intramuscular fat within skeletal muscles can
impact organ function and muscle health, respectively, with implications for metabolic health. Notably,
brown adipose tissue (BAT) is concentrated in specific regions like the supraclavicular area and
specializes in thermogenesis and mitochondria enriched, contributing to the regulation of body
temperature. Beige adipose tissue, on the other hand, can be induced within white adipose tissue depots
and shares some characteristics with BAT, potentially providing metabolic benefits. Dysfunctions in
adipose tissue are linked to metabolic disorders, emphasizing its critical role in health and disease. In
the context of obesity, vVWAT is the most critical subset due to its metabolic activity, hormone secretion,
role in inflammation, strong association with health risks, responsiveness to weight loss, and relevance
in surgical interventions. It plays a central role in regulating energy balance and is linked to various

obesity-related health complications, making it a key focus in obesity research and management.
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2.2 Visceral white adipose tissue (VWAT) composition

This tissue consists of several key elements, including mature adipocytes, fibroblast-like cellular
populations that encompass adipocyte precursors, the vascular network, and various immune cells.
These components not only coexist within the adipose tissue but also engage in intricate spatial and
functional interactions. The term "stromal vascular fraction" (SVF) is employed to describe the non-
adipocyte components within adipose tissue, which encompass highly diverse populations of immune
cells, mesenchymal stromal cells, endothelial cells, and smaller groups of various cell types, including
neurons. Within this environment, the vasculature plays a vital role by traversing the adipose tissue and
supplying essential oxygen and nutrients to the resident tissue cells. Adipocyte progenitors
predominantly inhabit the perivascular region, exhibiting their potential for adipogenesis.
Concurrently, fibroblast-like cells contribute to the formation of connective tissue and can exhibit pro-
fibrotic and pro-inflammatory characteristics. Furthermore, the adipose tissue hosts a diverse array of
immune cells. Among the innate immune cells found in adipose tissue are macrophages, neutrophils,
eosinophils, dendritic cells (DCs), mast cells, innate lymphoid cells (ILCs), and natural killer (NK)
cells, while adaptive immune cells such as T and B lymphocytes are also present. In a healthy, lean
state, these components work in harmony to maintain the tissue homeostasis (Choe et al., 2016; Jiang
et al., 2014; Mohd. P. Khan et al., 2015; S. Khan et al., 2020). However, when subjected to
overnutrition, metabolic stress disrupts this delicate balance, resulting in an enlarged, inflamed,
hypoxic, and fibrotic adipose tissue.

The emergence of single-cell transcriptomics has rapidly transformed our understanding of the wide
array of cell types and states residing within adipose tissue, providing fresh insights into how these

distinct cell populations influence the tissue's overall function.

2.2.1 Pre — and mature adipocytes

The significance of adipocytes in regulating overall body physiology and the distinct metabolic
functions of various adipose depots have prompted inquiries into how the functions of adipocytes are
controlled within the tissue microenvironment. It is widely believed that the number of adipocytes in
the body is largely established by early adulthood, with a relatively stable turnover rate estimated at
approximately 8% per year in humans and approximately 18% per month in mice. Nevertheless, WAT
exhibits remarkable plasticity and can undergo significant remodeling in response to metabolic,

nutritional, and pharmacological stimuli

Investigation exhibits the presence of at least two distinct subclusters of adipocyte progenitors. One
subcluster, often referred to by various names, including fibro-adipogenic progenitors, adipocyte

progenitor cells, and mesenchymal stromal cells exhibits robust adipogenic potential, expresses key
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adipocyte markers and shares common mesenchymal markers like PDGFRA and PDGFRB. These
progenitors demonstrate high commitment to adipogenesis, expressing adipoq and lep, and often
residing close to the adipose vasculature. In contrast, the second major cluster of mesenchymal stromal
cells, often referred to as fibro-inflammatory precursors, interstitial progenitor cells, and collagen-rich
progenitors, among others, lacks PPARY expression. Instead, these cells are enriched in gene signatures
associated with ECM remodeling and inflammation. They likely play roles in regulating inflammation,
collagen deposition, and adipogenesis. This subcluster shares similarities with interstitial skeletal
muscle fibro/adipogenic progenitors and can be identified as DPP4", primarily found within the
interstitial regions of the adipose tissue depots. Importantly, human subcutaneous adipose tissue also
contains DPP4+ and DPP4- populations closely resembling their murine counterparts, suggesting the
existence of similar progenitor subpopulations in adult humans that can be distinguished based on DPP4
expression. This intriguing parallel between murine and human adipose tissue highlights the potential
relevance of these findings in understanding adipose tissue biology across species. Both of these cells
demonstrate a robust ability to differentiate into adipocytes both in vitro and upon transplantation into
mice (Burl et al., 2018; Hepler et al., 2018; Hepler & Gupta, 2017; Nahmgoong et al., 2022; Q. A.
Wang et al., 2013). Cell trajectory analysis suggests a hierarchical developmental relationship between
preadipocytes and fibro/adipogenic progenitors. Lineage-tracing studies indicate that FAPs expressing
DPP4 in eWAT can undergo de novo adipocyte differentiation at a low frequency, particularly in
response to a high-fat diet (HFD) (Maniyadath et al., 2023). To comprehensively grasp the
developmental relationship between FAPs and preadipocytes in each adipose tissue depot and to
delineate the relative contributions of these subpopulations to the maintenance and expansion of the

adipocyte pool in vivo, further investigations are warranted.

It has been observed in both humans and mice that individual WAT depots contain multiple
subpopulations of adipocytes, each characterized by the expression of specific markers in addition to
standard adipocyte identity markers like Adiponectin and Perilipinl. In a study employing single-
nucleus RNA sequencing (snRNA-seq) of mice's epididymal WAT, three distinct subpopulations of
mature white adipocytes were identified. These subpopulations were categorized as follows: lipogenic
adipocytes, characterized by the expression of genes related to de novo fatty acid synthesis; lipid-
scavenging adipocytes, which expressed genes associated with lipid uptake and transport; and stressed
lipid-scavenging adipocytes, which also expressed genes related to hypoxia and autophagy, indicating
a potential connection between the adipocyte size and insulin sensitivity, as stressed lipid-scavenging
adipocytes were the largest adipocytes, while lipogenic adipocytes were the smallest. Nevertheless, it
is probable that adipocytes can transition between different states in response to external and internal
signals (Béackdahl et al., 2021; Emont et al., 2022; Sarvari et al., 2021). The reduction in lipogenic

adipocytes in response to HFD-induced obesity may explain the previously reported decrease in de
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novo lipogenesis and insulin sensitivity in obese individuals. In the context of obesity, the abundance

of the other subpopulations increased.

Spatial transcriptomics of human WAT revealed three distinct subpopulations of mature white
adipocytes with unique transcriptomic signatures and spatial organization. One of these subpopulations,
PERILPIN"#" displayed a transcriptomic profile similar to lipogenic adipocytes and was associated
with higher in vivo insulin sensitivity. Another subpopulation was found to be enriched for genes
involved in lipid uptake and handling, resembling lipid-scavenging adipocytes in mice. The LEPTIN""
subpopulation and stressed lipid-scavenging adipocytes appeared to share common enriched pathways
related to leptin synthesis and ECM remodeling. Similar to findings in mice, the relative abundance of

PERILPIN"#" adipocytes decreased in obese individuals (Maniyadath et al., 2023).

In summary, various studies have consistently demonstrated the presence of multiple subpopulations
of white adipocytes with varying degrees of lipogenic and lipid uptake characteristics in both mice and
humans. Future research should focus on understanding the developmental and transitional trajectories
of these subpopulations, exploring whether specific adipogenic progenitors give rise to distinct
adipocyte subpopulations, and unravelling the influence of the tissue microenvironment on adipocyte
cell states. Additionally, investigating the roles of different adipocyte subpopulations in shaping the

short-term and long-term plasticity of WAT is crucial.

2.2.2 Macrophages

Macrophages have garnered significant attention due to their pivotal role in the functioning of adipose
tissue. In lean mice and humans, macrophages typically account for approximately 5% of the cellular
composition within adipose tissue. However, in cases of obesity, their prevalence dramatically
escalates, making up as much as 50% of all adipose tissue cells. Furthermore, during obesity, adipose
tissue macrophages (ATMs) not only increase in number but also undergo significant changes in their
distribution and inflammatory characteristics. Unlike their distribution in the lean state, where ATMs
are evenly dispersed throughout adipose tissue and exhibit limited inflammatory properties, in obese
adipose tissue, they cluster around deceased adipocytes, forming structures known as crown-like
structures (CLSs). Importantly, ATMs in obese adipose tissue exhibit pronounced proinflammatory
features. The presence of macrophages within CLSs in obese adipose tissue has been directly associated

with the development of insulin resistance (Boutens & Stienstra, 2016).

Initially, there was a prevailing belief that in the presence of obesity, ATMs would shift towards a
proinflammatory M1 macrophage phenotype. However, a more thorough examination of immune cell
populations within adipose tissue, proposed that obesity predominantly steers ATMs towards functions

related to lipid uptake, storage, and breakdown. Recent strides in single-cell technologies collective
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showed some ATMs subpopulations exhibit heightened proinflammatory traits, while others are more
metabolically active. Lin" cells in both mouse and human obese conditions revealed that obesity
induces a unique ATM subpopulation marked by the presence of Cd9 and Trem?2 markers. This specific
subpopulation expresses elevated levels of genes associated with lipid handling, such as Cd36, Lpl, and
Lipa. It is now commonly referred to as lipid-associated macrophages (LAMs). LAMs are notably
enriched in CLSs within adipose tissue, where they appear to play a significant role in tissue
remodeling. Intriguingly, certain studies have identified a smaller subset of LAMs expressing genes
linked to proliferation, hence named proliferative LAMs, suggesting that the LAM pool can expand not
only through increased recruitment and activation of monocytes but also through local proliferation. In
addition to LAMs, there are subpopulations of inflammatory macrophages (IMs) that exhibit
heightened expression of inflammatory genes, and these have been positively associated with obesity
(Hildreth et al., 2021; Jaitin et al., 2019; C. Li et al., 2019; Massier et al., 2023; Vijay et al.,
2020).Single-cell studies have revealed a significant reduction in lipid-associated macrophages
populations during the regression of obesity. However, even after achieving complete normalization of
body and tissue weight, the abundance of LAMs in the tissue remained higher than in lean controls.
Interestingly, the group that experienced weight regain exhibited a rapid increase in LAMs, surpassing
the obese cohort, suggesting that these cells may retain an obesity memory. Despite variations across
different fat depots and species concerning obesity-associated ATMs, there exists a relatively consistent
pattern of metabolic and inflammatory programming across WAT depots and species. Although some
variations in the relative abundance of myeloid and lymphoid cell populations have been noted, the
transcriptomic profiles of individual macrophage populations remain largely analogous. Nevertheless,
it is important to mention that a recent study did not seem to identify the lipid-handling gene program
in their Trem2” LAMs (Emont et al., 2022; Maniyadath et al., 2023).Numerous investigations across
diverse adipose tissue depots and species have unveiled distinct macrophage subpopulations
characterized by the expression of genes associated with vascular development and extracellular matrix
remodeling and maintenance. Collectively, these findings suggest that these specialized macrophages,
referred to as perivascular macrophages (PVMs), identified by the presence of the Lyvel marker,
represent a prominent constituent among tissue-resident macrophages (TRMs) in lean WAT (Corvera,

2021; Silva et al., 2019).

Macrophage Stimulus Function Secretory Surface
type markers markers
Ml LPS, IFN-y, Pro-inflammatory, Works iNOS, IL-1B, IL- | CD80, CDS6,
FFAs, TNF-o | against infection, Autoimmune | 6/-12/-23, TNF-a, HLA-DR,
disease progression CXCL-9/10/11 CDllc,
TLR4
M2a 1L-4, IL-13 Enhance endocytosis, parasite IL-10, TGF-B, CD206, IL-
elimination, and induce tissue CCL17/18/22 IR
repair
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M2b LPS+IL-1B Immune regulation TNF-a, IL-1, IL-6 | CD86, MHC-
I
M2c IL-10, TGFB, | Apoptotic cells clearance, IL-10, TGF-B, CD206,
Glucocorticoids | Matrix remodelling CCL-16/-18 CD163
M2d IL-6, Promotes angiogenesis IL-10, VEGF,IL-
Adenosine 12, TGF-p
ATM Polarization function Markers Onset of
population obesity
LAM M1 type Lipid handling, Trem2, Cd9, Lpl, | Increased
Chemokine signalling, Lamp2
proinflammatory pathways,
lysosomal pathways
P-LAM MI type local proliferation of LAMs in | Polal, Kifl1, | Increased
VAT depots to maintain ATMs | Kifl5
abundance
PVM M2 type Perivascular-like tissue resident | Lyvel,  Cd163, | Decreased
macrophages regulating EGFR | Klf4, Cbr2,
signalling and statin pathways. | CD206, Cd209f,
Stabl, Mrel,
Clec10a

Table 2.1 | Categorizing Macrophages with a special focus on their roles, types and markers
expression in White Adipose Tissue.

However, their relative prevalence appears to diminish in the context of obesity. The underlying cause

of this decrease remains a subject of investigation, with potential factors including a possible

transformation of PVMs into inflammatory macrophages (IMs), as suggested by RNA velocity

analyses, or the notable expansion of LAM and IM populations. Intriguingly, a reduction in PVMs'

abundance in epididymal white adipose tissue has been observed in response to acute fasting.

Furthermore, it is noteworthy that PVMs concurrently express markers indicative of M2-like

macrophages, such as Mrcl, Clec10a, and CD163, in addition to genes implicated in vascular and

extracellular matrix functions (Maniyadath et al., 2023; Massier et al., 2023).
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Figure 2.2| Cellular heterogeneity in white adipose tissue

The cellular architecture within the white adipose tissue of both humans and mice is intricate, and this
landscape undergoes significant changes in response to obesity. Among the adipogenic progenitor
subpopulations, including Adipose stem cells, Fibro-adipogenic progenitors, and Preadipocytes, there
is a notable reduction in the obese adipose tissue, leading to a substantial impairment of de novo
adipogenesis. Furthermore, obesity also has a profound impact on the non-adipose cellular landscape.
It is associated with a positive correlation with inflammatory macrophages, lipid-associated
macrophages, and monocyte subpopulations, while concurrently resulting in a marked reduction in
perivascular macrophages and non-canonical monocyte populations.

2.2.3 Dendritic cells

Dendritic cells (DCs) are pivotal in shaping adaptive immunity through their adeptness in antigen
presentation (Soto et al., 2020). They share several surface markers with macrophages, including F4/80,
CDl11b, MHCII, C-X3-C motif chemokine receptor 1, and CD11c, though notably, they lack CD64
expression, setting them apart from macrophages. Adipose tissue DCs can be classified into two
subtypes: CD11b—CD11c+ DCs and CD11b—CD11c+B220+ DCs (Soedono & Cho, 2021). Initially,
studies suggested an increase in DC numbers within adipose tissue during obesity. However,
subsequent research has shown that when adjusted for adipose tissue mass, DC numbers remain
relatively constant in obesity (Cho et al., 2016). DCs detect antigens migrating from adipose tissue to
the draining lymph nodes, thus orchestrating immune responses within the adipose tissue. Depleting
CD11c-expressing cells, which include DCs, has been observed to protect against chronic inflammation
and insulin resistance in diet-induced obesity in mice. It's essential to note that these effects may be
attributed to the loss of CD11c+ inflammatory macrophages (Stefanovic-Racic et al., 2012). CCR7-
deficient mice, characterized by reduced DC numbers in adipose tissue, exhibit reduced adipose tissue
inflammation and insulin resistance (Patsouris et al., 2008). Chemerin, an adipokine upregulated in the
circulation of obese individuals contributes DCs accumulation WAT causing IR (Ernst & Sinal, 2010).
Moreover, under steady-state conditions, DCs in vVWAT play a protective role by delaying the onset of
obesity and adipose tissue inflammation. Specifically, the activation of the Wnt/p-catenin pathway and
triggers IL-10 production. Additionally, activation of the PPARy pathway suppresses their
proinflammatory activation. Together, these effects postpone the initiation of inflammation and insulin

resistance in mice subjected to a high-fat, high-sugar diet (Macdougall et al., 2018).

In both mouse and human WAT, two primary subpopulations of conventional dendritic cells was found.
However, in humans, a more intricate classification of cDC2 subgroups has been proposed, based on
distinct gene expression profiles. On the other hand, in mouse adipose tissue dendritic cells subcluster
categorization relies on their activation state, particularly the expression of CCR7, and the presence of
proliferation markers. Notably, lean mouse white adipose tissue is notably abundant in monocyte-

derived dendritic cells (moDCs)(Maniyadath et al., 2023).
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2.2.4 Lymphocytes

A pivotal aspect of lymphoid cell heterogeneity in adipose tissue is the presence of distinct subsets of
lymphocytes. Among these subsets, T cells, B cells, and innate lymphoid cells (ILCs) have emerged as
key players. Notably, T cells, including both CD4+ and CD8+ subsets, have garnered significant
attention for their differential roles in adipose tissue inflammation and insulin resistance (Sonnenberg
& Hepworth, 2019). CD4+ T helper cells can differentiate into various subsets, including Th1, Th2,
Th17, and regulatory T cells (Tregs), each exerting specific effects on adipose tissue physiology. Thl
and Th17 cells have been implicated in promoting adipose tissue inflammation through the secretion
of proinflammatory cytokines such as IFN-y and IL-17, while Tregs have been associated with an anti-
inflammatory, metabolic homeostatic role through IL-10 production (Croce et al., 2021; Q. Wang et
al., 2021; S. Zhang et al., 2021). Evidence supporting the heterogeneity of lymphoid cells in adipose
tissue is bolstered by comprehensive profiling techniques have revealed a vast diversity of lymphocyte
subpopulations that occupy this tissue. Furthermore, lineage-tracing experiments have uncovered the
existence of tissue-resident memory T cells within adipose tissue, suggesting a dynamic and long-
lasting immune surveillance mechanism within this metabolic niche (Han et al., 2017). Another
intriguing aspect of lymphoid cell heterogeneity in adipose tissue is the interaction between B cells and
adipocytes. B cells have been shown to infiltrate adipose tissue, and their presence is often associated
with the formation of tertiary lymphoid structures (TLSs). TLSs in adipose tissue are organized
lymphoid aggregates resembling lymphoid organs, and they can serve as niches for immune cell
interactions (Sato et al., 2023). B cell-derived antibodies, particularly IgG, have been implicated in
modulating adipose tissue inflammation by binding to adipocyte antigens and activating complement
cascades, contributing to local immune responses (Frasca & Blomberg, 2017). In addition to adaptive
immune cells, innate lymphoid cells (ILCs) have emerged as a critical component of lymphoid cell
heterogeneity in adipose tissue (Song et al., 2023). ILCs produce an array of cytokines, such as IFN-y,
IL-5, and IL-22, which can profoundly influence adipose tissue inflammation and metabolism. ILC2s,
in particular, have been associated with the promotion of tissue homeostasis by secreting anti-
inflammatory cytokines like IL-10 and IL-13 (Cautivo & Molofsky, 2016; Seillet & Jacquelot, 2019).
The impact of lymphoid cell heterogeneity in adipose tissue extends beyond mere cellular composition
(Ikutani & Nakae, 2022). Functional studies involving the depletion or modulation of specific lymphoid
cell subsets in murine models have provided compelling evidence that these immune cells play pivotal
roles in regulating adipose tissue inflammation, insulin sensitivity, and lipid metabolism. The
comprehension of the diversity and adaptability of the lymphoid immune component residing within

adipose tissue remains limited compared to other subsets of adipose tissue immune cells.
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2.2.5 Endothelial cells

Endothelial cells within adipose tissues (ATs) exhibit notable heterogeneity, primarily categorized
based on their anatomical location into arterial, venous, capillary, and lymphatic connections. Adipose
ECs play a pivotal role in maintaining AT's physiological functions by regulating local blood flow and
nutrient supply. ECs control permeability and chemokine recruitment during inflammation induced by
obesity. ECs engage in paracrine communication with mature adipocytes and adipose stromal cells to
uphold adipose tissue homeostasis. Recent advancements in single-cell sequencing of visceral AT from
obese subjects have shed light on the diversity of adipose endothelial cells (AdECs). Notably, around
78% of vascular stromal cells in visceral AT were found to be LYVE1". While substantial progress has
been made in understanding the types of AdECs in WAT, precise classification of AdECs in other fat
depots remains an area where further research is needed to comprehensively decipher their roles and

contributions to AT function and metabolism (Liao et al., 2022).

The intricate interplay between immune and non-immune stromal cells in WAT has profound
implications for adipose tissue function and metabolic health. An imbalance in this intricate network
can lead to chronic low-grade inflammation within adipose tissue, a hallmark of metabolic disorders
associated with obesity, such as T2D. Ongoing research aimed at deciphering the roles of these distinct
cell subsets within WAT continues to shed light on their contributions to adipose tissue physiology and
metabolic health. Understanding the polarization of macrophages from pro-inflammatory to anti-
inflammatory states is crucial for mitigating inflammation and improving metabolic health in obese
individuals. Furthermore, exploring the roles of adipocyte progenitors and MSCs holds promise for
regenerative medicine and novel therapeutic interventions, particularly in conditions characterized by
adipose tissue dysfunction. Stromal cell heterogeneity in white adipose tissue encompasses a wide array

of both immune and non-immune cell populations, each with its unique functions.

2.3 Obesity induced adipose tissue dysfunction causing inflammation and
insulin resistance

Adipose tissue inflammation is a well-documented phenomenon characterized by a compelling
connection between increased body fat (adiposity) and heightened inflammatory responses due to
excessive caloric intake, substantiated by both animal and human research. Multiple studies utilizing
immunocompromised mouse models reveal, the central role of inflammation in the emergence of
insulin resistance following prolonged consumption of a Western-type diet that promotes obesity
(Kawai et al., 2021). Adipose tissue has two types in humans, White and Brown adipose tissue. White
adipose tissue (WAT) functions as the primary reservoir for long-term energy storage and is
characterized by the presence of large unilocular white adipocytes. These cells store surplus metabolic

energy in the form of triacylglycerides (TAGs) during anabolic conditions and release this stored
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energy as free fatty acids (FFAs) to support peripheral tissues during catabolic states (Luo & Liu, 2016).
WAT is distributed throughout the bodies of mammals, with major depots broadly categorized as
subcutaneous (located beneath the skin) or intra-abdominal (found within the peritoneum, adjacent to
internal organs). Additionally, numerous smaller depots can be identified in various locations,
including bone marrow, subdermal areas, perivascular regions, epicardial spaces, and peri- and inter-
muscular regions. In addition to its energy-storage function, WAT serves various non-metabolic roles,
including providing thermal insulation and cushioning for internal organs. The second major type of
adipose tissue in mammals is brown adipose tissue (BAT), which plays a critical role in thermogenesis.
BAT is found in smaller depots at distinct anatomical sites, including anterior cervical, supraclavicular,
interscapular, perirenal, and perivascular locations in both mice and humans. Brown adipocytes are
distinguished by their multilocular lipid droplets, high mitochondrial content, and expression of
uncoupling protein 1 (UCP1), a proton carrier in the inner mitochondrial membrane. UCPI1, in
conjunction with other futile energy cycling processes, enables brown adipocytes to dissipate excess
energy as heat, serving as a metabolic sink. In adult humans, BAT depots typically constitute only 1%-
2% of total adipose tissue. However, in small hibernating mammals or neonates, BAT can comprise up
to 5% of the total body mass (Choe et al., 2016; P. Lee et al., 2013). A distinctive hallmark of this
inflammatory process within expanding WAT is its persistence and chronic low-grade nature, which
has been coined as mediators can influence IR either directly, by impacting insulin signaling, or
indirectly, by triggering inflammatory pathways. The association between obesity and T2D has long
been acknowledged, with obesity's primary contribution being its ability to exacerbate IR, a
fundamental pathophysiological aspect of T2D (B. B. Kahn & Flier, 2000). IR manifests as a metabolic
complication wherein the three major insulin-sensitive tissues, namely skeletal muscle, liver, and AT,
progressively become less responsive to the actions of insulin. This decreased sensitivity is marked by
substantial impairments in glucose uptake, glycogen synthesis, and to a lesser extent, glucose oxidation.
To counterbalance IR, -cells augment their insulin secretion, thereby restoring blood glucose levels to
the normal range. However, as insulin sensitivity continues to decline, B-cells can become overworked,

eventually leading to persistent hyperglycaemia and the development of the T2D (Zatterale et al., 2020).

Insulin, an anabolic hormone secreted by B-cells, plays a pivotal role not only in regulating
carbohydrate metabolism but also in governing protein and lipid anabolism, cellular growth, and
proliferation. The synthesis and release of insulin are stimulated by blood glucose concentrations, and
its systemic effects stem from its interaction with cell membrane receptors, leading to the
autophosphorylation of specific tyrosine residues. Subsequently, the activated insulin receptor recruits
intracellular proteins, commonly referred to as IRSs. Downstream of IRS proteins, PI3K assumes a
central role in mediating insulin's functions, primarily by activating PKB and protein kinase C cascades,

which promote glucose uptake, facilitate glycogen synthesis, and inhibit hepatic gluconeogenesis.
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Additionally, insulin signaling elicits mitogenic effects, primarily mediated by the PKB cascade and

activation of the Ras/mitogen-activated protein kinase (MAPK) pathway (Ramalingam et al., 2013).

Both animal and human studies have pinpointed WAT as the central hub to relay intrinsic and extrinsic
signals for the remodeling of adipose tissue during obesity (Weisberg et al., 2003). These ultimately
converge on the activation of the multiple inflammatory signaling pathways such as JNK and NF-«B.
The activation of these signaling pathways, in turn, amplifies the production of pro-inflammatory
cytokines, endothelial adhesion molecules, and chemotactic mediators, all of which facilitate the
infiltration of monocytes into adipose tissue and their differentiation into pro-inflammatory M1
macrophages. These infiltrating macrophages are responsible for generating and releasing numerous
inflammatory mediators that contribute to local and systemic pro-inflammatory conditions while
impairing insulin signalling. The actions of these cytokines are mediated through the stimulation of [xB
kinase  (IKKpP) and JNK1, which are expressed in myeloid and insulin-targeted cells. JNK stands out
as one of the most extensively studied signal transducers in obesity-related IR models. Once activated,
JNK initiates the transcription of pro-inflammatory genes and hampers the insulin signaling pathway
by phosphorylating IRS-1 at inhibitory serine-threonine sites, consequently reducing PI3K/PKB
signaling. In the context of obesity, specifically in obese mice (such as ob/ob and diet-induced obesity
models), JNK activity in adipose tissue is elevated compared to lean control mice. To investigate the
role of Jnkl in adipocytes, researchers have employed tissue-specific Jnk1-deficient mice, revealing
that these mice are shielded from the development of IR when subjected to HFD. It's worth noting that
this protective effect is tissue-specific, as Jnk1 deficiency in adipocytes does not affect muscle insulin

sensitivity (Khalid et al., 2021; Liu et al., 2017; Yung & Giacca, 2020).

Obesity also triggers the activation of the NF-xB inflammatory pathway. Under normal physiological
conditions, NF-kB proteins are sequestered in the cytoplasm of myeloid and insulin-sensitive cells by
a family of inhibitors known as inhibitors of kB (IxBs). Activation of the IKK kinase complex induces
the proteasomal degradation of IkBa, facilitating the nuclear translocation of NF-«kB. This, in turn,
leads to increased expression of several NF-kB target genes, including IL-6, TNFa, interferon-y (IFN-
v), TGF-B, MCP-1, IL-1p, all of which contribute to the progression of IR (Baker et al., 2011; Hinz &
Scheidereit, 2014). Notably, IKK[ deficiency in adipocytes completely prevents the expression of IL-
6 and TNF-a induced by free fatty acids, while its activation suppresses the expression of anti-
inflammatory cytokines like adiponectin and leptin. In the context of obesity, a phenomenon of
significant scientific interest emerges as macrophages infiltrate AT, giving rise to the secretion of a
myriad of pro-inflammatory cytokines. These potent signaling molecules exert their effects not only
locally within the confines of AT, where they interact with adipocytes and resident immune cells such
as neutrophils, B cells, and T cells but also extend their reach systemically, affecting the insulin

sensitivity of vital metabolic tissues, notably the liver and skeletal muscles. Macrophages and other
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sentinel immune cells engage in an intricate choreography of immune responses, detecting a spectrum
of PAMPs or DAMPs through an extensive repertoire of pattern-recognition receptors, including TLRs
and NLRs. The compelling body of evidence underscores the central role of NLRP3, the most
extensively scrutinized member of the NLR family, in the context of obesity-related chronic
inflammation and IR, particularly given its activation by DAMPs generated as a consequence of
nutrient excess in obesity (Amarante-Mendes et al., 2018; Chait & den Hartigh, 2020; L. Chen et al.,
2015; Rheinheimer et al., 2017). NLRP3, while widely expressed across various tissues and cell types,
remains an enigma with regard to its precise location within adipose tissue compartments. Nonetheless,
a striking revelation emanates from the immunostaining of adipose tissue sections harvested from obese
mice, vividly portraying a pronounced co-localization of NLRP3 with the macrophage marker F4/80
within distinct crown-like structures. Once catapulted into action, NLRP3 orchestrates a remarkable
interplay, interacting with procaspase-1 through an adaptive protein interface, ultimately culminating
in the formation of the NLRP3 inflammasome. This pivotal cascade sets the stage for the processing
and activation of caspase-1, the chief architect behind the maturation and secretion of vital
inflammatory mediators, notably IL-1f and IL-18, by macrophages. Further substantiating its primacy,
genetic studies involving the ablation of NLRP3 have revealed its indispensable role, as NLRP3
deficiency effectively curtails the activation of the inflammasome within adipose tissue, affording
protection against diet-induced IR. Intriguingly, interventions such as caloric restriction and exercise,
orchestrated to achieve weight loss in individuals grappling with obesity and T2D, have been observed
to instigate a reduction in NLPR3 and IL-1 gene expression within abdominal subcutaneous adipose
tissue, precipitating tangible enhancements in systemic insulin sensitivity (Cunha et al., 2010; Pavillard

et al., 2017; Swanson et al., 2019; Vandanmagsar et al., 2011; Wu et al., 2020).
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Figure 2.3| Obese pathogenic factors potentiate adipose tissue inflammation and insulin
resistance.

Obesity is associated with the triggering of multiple pathogenic stimuli in white adipose tissue (such as
hypoxia, FFAs, LPS, Nos, ROS, PAMPs, DAMPs, etc.) that endorses immune cell migration, activating
inflammatory signaling pathway, miRNA overexpression, macrophage polarization, inducing ER
stress, lipotoxicity and disrupts insulin signaling pathway in adipocytes causing chronic inflammatory

landscape followed by adipose tissue insulin resistance.

The role assumed by inflammasome-activated IL-1B assumes paramount importance as a keystone
cytokine prominently featured in the repertoire of macrophage-produced signaling molecules. Its
augmented production, notably in pancreatic islets and insulin-sensitive tissues, emerges as a pivotal
scientific focus, bearing a direct association with T2D. IL-1B exerts a multifaceted impact on adipose
tissue insulin sensitivity, wielding its influence by stifling insulin signaling, a phenomenon
substantiated by studies showcasing its ability to attenuate insulin-stimulated glucose uptake and
lipogenesis in both murine and human adipocytes (Donath & Shoelson, 2011; Eizirik & Mandrup-
Poulsen, 2001; Gao et al., 2014; Hotamisligil et al., 1993; Mukherjee et al., 2013).

Obesity-induced adipose tissue hypoxia is a pivotal driver of adipose tissue inflammation and insulin
resistance. In obesity, expanding adipocytes and compromised microcirculation lead to localized low
oxygen levels. This hypoxic microenvironment triggers the activation of hypoxia-inducible factors
(HIFs) and the release of pro-inflammatory cytokines within the adipose tissue. These cytokines, along
with immune cell infiltration and dysregulated adipokine secretion, disrupt insulin signaling pathways,
impair glucose uptake, and contribute to insulin resistance. Moreover, the systemic consequences of
adipose tissue inflammation extend to distant organs, exacerbating metabolic dysfunction. The intricate
interplay between adipose tissue hypoxia, inflammation, and insulin resistance underscores the
complex pathophysiology of obesity-related metabolic disorders, highlighting the need for targeted
therapeutic strategies (J. W. Lee et al., 2019; Lempesis et al., 2020; O’Rourke et al., 2011; Seo et al.,
2019; Ye et al., 2007).

2.4 microRNAs regulating adipose tissue dysfunction

In the last decades, miRNAs have received substantial attention as potential players in
pathophysiological conditions. These are a type of regulatory non-coding RNAs (ncRNAs), play
regulatory roles at epigenetic, transcriptional, and post-transcriptional levels. These regulatory ncRNAs
can be categorized based on their average size, with small non-coding RNAs (sncRNAs) comprising
transcripts fewer than 200 nucleotides and long non-coding RNAs (IncRNAs) exceeding 200
nucleotides. Among the primary classes of small ncRNAs, microRNAs (miRNAs), small interfering

RNAs (siRNAs), and piwi-interacting RNAs (piRNAs) are prominent. Nevertheless, certain ncRNAs
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with variable lengths may simultaneously fall into two classifications. Examples include promoter-
associated transcripts (PATs), enhancer RNAs (eRNAs), and circular RNAs (circRNAs). This
multifaceted classification system highlights the diverse roles and characteristics of regulatory ncRNAs

in governing gene expression across various biological processes.

miRNAs are an endogenous class of small noncoding RNA, which is found in tissues, serum, and
body fluids with highly stable form. An increasing number of altered miRNA expressions were
observed in the pathophysiological state of the diabetes. Detectability of those circulatory miRNAs is
quite high in such cases. In obese patients, a list of tissue-specific differentially expressed miRNAs
regulates various intracellular communications, critical for insulin signaling pathway, glucose uptake,
release of cytokines, and inflammation that leads to insulin resistance. Circulatory miRNAs released
from obese adipose tissue also have a strong association with the pathogenic state of diabetes. Obesity-
related insulin resistance and T2D alter metabolic organs' physiology such as liver, skeletal muscles,
and adipose tissue by facilitating chronic low-grade inflammation, mediated by activation or down-
regulation of several microRNAs, directly affecting tissue metabolism (Chowdhury et al., 2013;

Odegaard & Chawla, 2012; Thomou et al., 2017).

A list of overwhelming evidence in recent years suggests AT, a dynamic endocrine organ and a crucial
immunological organ, is adversely affected during obesity. Overnutrition causes excess lipid
accumulation that triggers chronic inflammation in AT which leads to insulin resistance. Excess
accumulation of the WAT in the visceral fat pad causes secretion of angiotensinogen, adipsin, leptin,
adiponectin, growth factors (IGF-1, PDGF, PAI-1), and cytokines (IL-6, IL-8, and TNF-a). Also, diet-
induced obesity decreases the interstitial oxygen tension in obese adipose tissue of HFD mice. miRNAs
are known as critical regulators of glucose uptake, insulin signaling pathway, lipid metabolism, and
chronic inflammation (Dasgupta et al., 2011; Grant & Dixit, 2015; Guilherme et al., 2008; Seo et al.,
2019; Trayhurn, 2013). Microarray study reveals that among all 373 miRNAs studied, 28 miRNAs
were differentially expressed in differentiated 3T3-L1 adipocytes than pre-adipocytes. Interestingly,
adipocytes from diet-induced obese mice express 35 different miRNAs when compared with adipocytes
of lean individuals. Similarly, human obese WAT showcased numerous distinctly expressed miRNA
profiles (P. Amer & Kulyte, 2015; Xie et al., 2009). However, the study on obesity-induced miRNAs

involved with insulin resistance is still insufficient.

2.4.1 miRNA regulates AT insulin signaling pathway

Insulin resistance is ensured in obese adipose tissue by alteration of potential miRNAs, that are found
to silence crucial factors and signaling molecules of insulin signaling pathway. Recently Arcidiacono

et al, reported the overexpression of miR-433, -520h, -153, -128, -579 and low expression of miR-514,
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-520e,-1275,-141,-17-5p,-132,-221,-184,-196,-518,-337 observed in the VAT of obese individuals.
Among all, miR-128 exclusively participates in the regulation of insulin sensitivity by targeting insulin
receptor(INSR). 3T3-L1 adipocytes exposed to 1%0O, cause declined INSR mRNA and protein
expression with increased miR-128 level and miR-128 inhibition improves INSR expression in
adipocytes (Arcidiacono et al., 2020). Binding of insulin to INSR triggers PI3K action which is crucial
for PIP3 conversion and functional insulin signaling. miRNA microarray study revealed, that miR-320
expression increases by fifty folds in insulin-resistant adipocytes that directly target p85 subunit of
phosphatidylinositol 3-kinase (PI3K). Anti-miR-320 oligos therapy surprisingly improves insulin
sensitivity and glucose uptake in insulin-resistant cells (Ling et al., 2009). PI3K mediated
phosphorylation of PIP2 and conversion into PIP3 negatively controlled by the phosphatase PTEN.
While dual luciferase assay showed, miR-26b directly targets PTEN. It was reported that miR-26b level
drops in the adipocytes of VAT in dietary obese mice and obese humans. Depleted expression of miR-
26b proportionally cuts glucose uptake by inhibiting GLUT4 translocation to human mature
adipocytes’ plasma membrane (Xu et al., 2015). The downstream target of PI3K is Akt, a key player
in transducing extracellular insulin signals into a wide range of action. Reportedly, the expression of
miR-29 paralogs (miR-29a/b/c) increased in adipose tissue of obese diabetic rats. Interestingly,
overexpression of miR-29 in 3T3-L1 adipocytes causes a severe imbalance of glucose uptake and IR
by inhibiting Akt activation (Zhu & Leung, 2015). Obesity-induced IR also leads to a significant
downregulation of miR-181b, which targets Pleckstrin homology domain leucine-rich repeat protein
phosphatase (PHLLP) found to dephosphorylate Akt at Ser473. While PHLLP phosphatase silencing
significantly improves insulin signaling and glucose homeostasis in epididymal WAT in in-vivo
conditions (Sun et al., 2016). There is evidence that obesity increases the miR-103 and miR-107
expressions in fat tissue, which directly regulates insulin sensitivity in adipocytes by targeting caveolin-
1, a key molecule for insulin receptor-mediated signaling, insulin secretion, and the development of IR
(Trajkovski et al., 2011). Along with the PI3K-Akt signaling pathway, insulin activation is followed
through MAPK activation. miR-125 also overexpressed in adipose tissue of diabetic mice model causes
adipose tissue dysfunction. Computational analysis showed it generates insulin resistance by potentially

targeting the MAPK signaling pathway (Herrera et al., 2009).

2.4.2 miRNA regulates AT inflammation that linked with IR

Recent studies demonstrate microRNAs are critical players in regulating inflammation and phenotype
switching in obese adipose tissue microenvironment. Reportedly, miR-223 regulates myeloid cell-
mediated adipose tissue inflammation and IR, specifically targeting PKNOJX, essential for classical
macrophage activation. They found miR-223 level drops in the HFD model and miR-223 KO mice
showed increased PKNOX with the activation of M1 macrophage and enhanced migration inside AT

and cause its inflammation. Dietary obesity also induces AT-specific overexpression of miR-34a and
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is released by mature adipocytes in systemic circulation via paracrine manner through EVs. miR-34
targets KLF4, a family member of the Zinc finger class of transcription factor, essentially regulates
macrophage polarization and over over-activated in M2 type of macrophages. The suppression of M2
macrophage polarization by miR-34 acts as a leading factor in severe AT inflammation and insulin

resistance (Pan et al., 2019; Zhuang et al., 2012).

Peroxisome proliferator-activated receptor-y (PPARY), a crucial nuclear receptor, regulates adipocyte
development, and insulin sensitivity and most importantly determines IL-13 or IL-4 mediated
polarization of macrophage into anti-inflammatory M2 phenotype. miR-155, miR-27a, and miR-130b
found to target PPARYy, are overexpressed in obese AT. Inflamed adipose tissue macrophages (ATMs)
release extracellular vesicles loaded with miR-155 causing insulin resistance and glucose intolerance
in DIO mice. While miRNAs loaded EVs treatment impairs insulin sensitivity in cultured adipocytes
by reducing Akt phosphorylation. miR-155 KO mice showed improved insulin sensitivity and glucose
tolerance (Ying et al., 2017). AT-specific overexpression of miR-27a proportionally increases pro-
inflammatory cytokine secretion along with stimulating macrophage infiltration that causes chronic
inflammation and insulin resistance (Yao et al., 2017). qRT-PCR analysis showed upregulated
expression of miR-130b in the macrophage population of obese AT that targets PPAR-y and regulates

glucose tolerance by alleviating alternative macrophage polarization (M. Zhang et al., 2016).

Adipose tissue inflammation is linked with overexpression of CCL2, which accumulates and attracts
immune cells toward the adipose mass. miR-193b and miR-126 negatively regulate CCL2 expression
by indirectly regulating via ETS1 or ARNT (activators of CCL2) and directly binds to its 3'UTR,
respectively (E. Arner et al., 2012). The vicious events of oxidative stress, and inflammatory signaling
are orchestrated in obesity and T2D by NAD"-dependent deacetylase, SIRT1. Overwhelming evidence
suggests, SIRT1 suppresses inflammation in AT and deacetylates NF-kB p65 subunit at K310 to inhibit
downstream activation of inflammatory genes (Kitada et al., 2019). Upregulated miR-221 in obese AT
targets SIRT1, along with adiponectin receptor 1 (ADIPOR]I), transcription factor v-ets erythroblastosis
virus E26 oncogene homolog 1 (ETSI), that triggers inflammation. While silencing of miR-221
improves insulin sensitivity and glucose uptake in fat cells (Meerson et al., 2013; Peng et al., 2018).
another important tumor suppressor miR-377 upregulated in DIO mice fat pad, specifically targets
SIRTI and exerts chronic inflammation and insulin resistance (Peng et al., 2017). HFD gradually
decreases thermogenic gene expression and induces visceralization of subcutaneous AT. Accumulated
confirmations suggested, PRDM16, a master transcriptional regulator to stimulate SAT specifically the
thermogenesis gene’s activation. DIO results in SAT-specific gradual decrease of PRDM16 level with
increased expression of miR-149-3p that targets PRDM16. Whereas, ablation of miR-149-3p in AT

improves whole body insulin-sensitivity and lessens inflammatory effects (Zheng et al., 2019). High
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serum FFA is closely associated with AT inflammation and IR Studies showed that inhibition of
lipolysis in obese AT improves insulin sensitivity and glucose metabolism (Girousse et al., 2013). In
lipolysis, a series of enzymatic hydrolysis reactions takes place, where adipose triglyceride lipase
(ATGL) initiates by binding with its substrate triacylglycerol (TGA) leading to hydrolysis of ester bond
as a result formation of DAG and one free fatty acid released. ATGL and its co-activator comparative
gene identification 58(CGI-58) expression critically regulated by abdominal AT-specific miR-124a,
which reduces lipolysis and accumulation of TG takes place (Das et al., 2015; Girousse et al., 2013;
Mentzel et al., 2015). Stearoyl-Co-A desaturase-1 (Scd-1) is another crucial lipogenic enzyme that acts
on monounsaturated fatty acid (mainly oleate (C18:1) and palmitoleate (C16:1)) synthesis. Disrupted
Scd-1 results lessen adiposity, reduce weight gain, and improve insulin sensitivity. Scd-1, a functional
target of miR-378 and systemically administration of miR-378 significantly prevents HFD-induced
obesity in mice model by reducing WAT size; displayed improvement of GTT and ITT in comparison
to WT HFD induced obese mice (Y. Zhang et al., 2016). Genetically obese mice displayed activation
of miR-335 in WAT which is associated with lipid metabolism (Nakanishi et al., 2009). miR-425
remarkably increases in adipose tissues of obese mice, which is transcriptionally regulated by PPAR-y
and targets Mapk14/p38 of the MAPK family which negatively regulates adipogenesis and induces
lipolysis(Qi et al., 2019). miR-425 remarkably increases in adipose tissues of obese mice, which is
transcriptionally regulated by PPAR-y and targets Mapk14/p38 of the MAPK family which negatively
regulates adipogenesis and induces lipolysis (Qi et al., 2019). Moreover, miR-145 overexpression
stimulates the release of pro-lipolytic cytokine, TNF-a and simultaneous overexpression of miR-26a
and let-7d in human adipocytes significantly inhibits lipolysis (Lorente-Cebrian et al., 2014).
Furthermore, obese females have low miR-141 and miR-52(0 expression that directly targets RABI14
and YWHAG (encodes 14-3-3 protein gamma), involved in glucose homeostasis, lipid metabolism
(Capobianco et al., 2012). For the last decades, multiple tissue-specific miRNAs were reported as
differentially expressed under obesity-induced pathophysiological conditions and detected in blood,
serum, saliva, and other body fluids which can serve as reliable biomarkers of obesity and T2D. Meta-
analyses study showed 16 stress-related miRNAs were dysregulated, among all, miR-148b, miR-223,
miR-130a, miR-19a, miR-26b, and miR-27b, serve as possible T2D biomarkers (Liang et al., 2020).
Overexpression of miR-144-5p, let-7d, miR-34a, and miR-532-5p positively correlates to IR in obese
Europeans (Choi et al., 2019). The serum levels of miR-10b were found to be low during obesity and
silence PI3K and transcription factor FOXO1 (Parrizas et al., 2020). Alteration in 25 exosomal miRNAs
due to dysregulation of glucose metabolism in T2D may play a role as a potential biomarker and
therapeutic target for treating obesity-induced T2D (Kim et al., 2020). In addition to proving crucial
biomarkers, miRNAs are extremely useful prognostic biomolecules for therapeutic/pharmacologic
purposes. Further investigation in miRNA therapeutics are required to design stable, sensitive, and

specific molecules.
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Figure 2.4| Overview of miRNAs expression in AT under obesity

Differential expression of miRNAs in adipose tissue and delivery in distal insulin responsive organ
liver and skeletal muscle. miRNAs in red color font indicates upregulation and green color miRNAs
indicates downregulation under obese condition. Adipose tissue-derived miRNAs miR-103/107, miR-
27a, and miR-34a are secreted and shared with the liver which induces hepatic insulin resistance.
Similarly, miR-29a and miR-221 upregulation are associated with skeletal muscle IR.

2.5 Extracellular vesicle-mediates AT dysfunction during obesity

Adipose tissue is acknowledged as the largest endocrine organ, releasing a range of bioactive molecules
known as adipokines that exert profound effects on various physiological processes throughout the
body. These adipokines influence metabolic regulation, inflammation, vascular function, immune
modulation, reproductive health, cancer risk, and organ crosstalk. Beyond the realm of traditional
secreted proteins, recent research has unveiled the remarkable role of adipose tissues in releasing
extracellular vesicles that exert a profound influence on metabolic homeostasis. Adipocytes are
responsible for secreting a diverse array of substances, encompassing adipokines, lipids, RNA
molecules, and metabolites, all of which possess significant signaling capabilities. (Deng & Scherer,
2010; C.R. Kahn etal., 2019; Kita et al., 2019). The release of a specific subgroup of small extracellular
vesicles (sEVs) known as exosomes is closely associated with cellular stress conditions. In cultured
adipocytes, an increased release of SEVs has been observed in response to various stressors, including
hypoxia, pro-inflammatory cytokines, and fatty acids. However, the precise molecular mechanisms
responsible for initiating SEVs release during stress have not been fully elucidated. It is worth noting
that the production of SEVs in response to palmitate is likely mediated by the generation of ceramide.
Ceramides are well-known inducers of exosome release in a variety of cell types (Hu et al., 2023).

Substantial presence of adipocyte-derived microRNAs within exosomes circulating in the bloodstream.
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These microRNAs journey to the liver, where they enhance glucose tolerance while reducing hepatic
FGF21 expression. Furthermore, exosomal communication between endothelial cells and adipocytes
within adipose tissues was reported. Their meticulous isolation of extracellular vesicles from adipose
tissue revealed the presence of proteins and lipids capable of modulating cellular signaling pathways,
adding another layer to the complexity of adipose tissue communication. Additionally, exosomal
microRNAs originating from adipose tissue macrophages play a crucial role in regulating whole-body
glucose metabolism by modulating adipocyte functions. Adipocyte-secreted exosomal microRNA-34a,
which hinders the polarization of M2 macrophages, thus promoting inflammation in obesity-induced
adipose tissue. Collectively, these studies highlighting the intricate network of interorgan
communication involving adipose tissue, liver, endothelial cells, macrophages, and beyond.
Adipocytes release neutral lipids directly through exosomes, complementing the traditional lipolysis
process that releases fatty acids and glycerol through neutral lipases(Crewe et al., 2018, 2021; Flaherty
et al., 2019; Ying et al., 2017).

Adipose tissue-derived extracellular vesicles (Ad-EVs) exhibit a significant capacity to modulate the
functions of various cell types inhabiting or infiltrating the adipose tissue milieu, including
macrophages, cancer cells, endothelial cells, adipocyte progenitors, and fully differentiated adipocytes.
Although the mechanistic intricacies governing these intercellular signaling events remain
incompletely elucidated, the most extensively explored axis of communication occurs between
adipocytes and macrophages. These studies have provided compelling evidence of the transfer of
adipocyte-specific mRNAs, proteins, or adipocyte-associated membrane markers to macrophages.
Early research underscored the functional significance of this intercellular exchange. EVs derived from
the adipose tissue of genetically obese mice have been observed to internalize in circulating monocytes,
prompting their differentiation into proinflammatory macrophages. Notably, injections of SEVs derived
from obese adipose tissue were sufficient to induce whole-body glucose intolerance and insulin
resistance.lt is noteworthy that while the sEVs employed in this study were not exclusively adipocyte-
specific, similar effects have been demonstrated using sEVs originating from cultured adipocytes. In
these investigations, SEVs were isolated from mature primary adipocytes derived from obese mice or
3T3-L1 adipocytes subjected to in vitro differentiation to mimic the characteristics of the obese state,
achieved through culture under high glucose and insulin conditions. Adipocyte-derived EVs were
found to induce the migration and differentiation of monocytes into a proinflammatory M1-like state,
both in vitro and in vivo. These effects are believed to be mediated through various mechanisms,
including the involvement of RBP4, and miR-155, all of which have been reported as constituents of

Ad-EVs.
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Table 2.2

miRNA

miR-103
miR-107

miR-124a

miR-126

miR-128

miR-130 &
miR-130b

miR-141

miR-149-3p

miR-155

miR-181b

Target mRNA (3° UTR)

CAVEOLIN-1

ATGL and CGI-58

CCL2

INSR

PPAR-y

RABI11A

PRDM16
PPAR-y
Pleckstrin homology domain

leucine-rich repeat protein
phosphatase

Expression in
obesity

1

Mechanism of action

Regulate insulin sensitivity.

Regulates lipolysis and triglyceride metabolism.

Regulates AT inflammation

Regulated by adipose tissue hypoxia and overexpression
cause impairment of glucose homeostasis.

Adipose tissue dysfunction and insulin resistance by
regulating TNFo, NF-xB activation. Also induces IR by
hindering M2 macrophage polarization.

Controls glucose homeostasis

Induces IR.

EVs secreted by obese ATMs loaded with miR-155 cause IR
and glucose intolerance.

Regulates phosphatase activity leads to increase AKT
phosphorylation at Serine 473 and improved EC insulin
signaling.

Reference

(Trajkovski et al.,
2011)

(Das et al., 2015)

(E. Arner et al., 2012)

(Arcidiacono et al.,
2020)

(Heyn et al., 2020)

(Capobianco et al.,
2012)

(Zheng et al., 2019)

(Guo et al., 2017)

(Sun et al., 2016)
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miR-193b

miR-223

miR-26b

miR-27a/b

miR-29a/b/c

miR-320

miR-34a

miR-377

miR-378

miR-425

miR-520

ETS1 or ARNT (activators of

CCL2)

PKNOX

PTEN

PPAR-y

Indirectly inhibits Akt
activation

p85 subunit of PI3K

KLF4

SIRT-1

Scd-1

MAPK signaling pathway

YWHAG

Regulates inflammation by controlling CCL2 and
adiponectins production.

(E. Arner et al., 2012)

Regulates inflammation by controlling macrophage (Zhuang et al., 2012)

polarization and migration.
Modulates PTEN/PI3K/AKT pathway (Xu et al., 2015)

(Q. Lin et al., 2009;
Yao et al., 2017)

Regulates macrophage polarization, migration and chronic
inflammation. Also regulates adipocytes differentiation,
cause adipose tissue dysfunction

(Dalgaard et al.,
2022)

(Ling et al., 2009)

Repress insulin-stimulated glucose uptake.

Modulates insulin-PI3K signaling pathways.

Inhibits M2 macrophage polarization during obesity and
promotes insulin resistance.

(Pan et al., 2019)

Mediates chronic inflammation and insulin resistance. (Peng et al., 2017)

(Y. Zhang et al.,
2016)

Controls lipid metabolism

May generate insulin resistance. (Qietal., 2019)

Involved in glucose homeostasis and lipid metabolism (Capobianco et al.,

2012)
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Figure 2.5| Adipose tissue-derived extracellular vesicles regulate obesity-induced pathogenesis

Adipose tissue undergoes considerable remodeling as a result of obesity, which increases the
production of EVs produced from adipose (Ad-EVs), and it is believed that the contents of these Ad-
EVs reflect the pathophysiological state of their parent cells. Ad-EVs have the ability to transport their
payload to a variety of recipient cells, aiding in the preservation of metabolic and AT homeostasis under
normal circumstances. On the other hand, Ad-EVs produced from obese AT contribute to the
development of metabolic dysfunction linked to obesity. The figure was adopted from Le Lay, Soazig,
et al. (2021) FASEB BioAdvances, Volume: 3, Issue: 6, Pages: 407-419.

EVs have been shown to actively hinder the polarization of macrophages into the anti-inflammatory
M2-like state by targeting KIf4 via miR-34a. Beyond macrophage activation, Ad-EVs also contribute
to lipid accumulation within macrophages through the direct transfer of lipid droplets. The subsequent
metabolism of these lipids within macrophages is closely associated with inflammation-induced insulin
resistance. This process of EV-mediated communication extends reciprocally from macrophages to
adipocytes, although research on this aspect remains relatively limited. EVs derived from macrophages
exposed to LPS have been shown to propagate a proinflammatory gene signature within recipient
adipocytes. Adipose tissue-derived extracellular vesicles enter the bloodstream, facilitating signaling
in remote organs. Simultaneously, they induce insulin resistance in skeletal muscle and the liver. In
response, the liver releases small EVs that stimulate lipid accumulation in adipose tissue (Pan et al.,

2019; Yanez-Mo et al., 2015; Ying et al., 2017; Zhuang et al., 2012).
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2.6. Adipocyte senescence-mediated AT pathogenesis during obesity

Obesity induces alteration of the adipose tissue microenvironment associated with cellular
heterogeneity involving massive infiltration of immune cell types along with the hypertrophy and
hyperplasia of adipocytes leading to adipose tissue inflammation and senescence. Adipocyte
senescence involves irreversible growth arrest in adipocytes associated with the secretion of various
cytokines, chemokines, and extracellular matrix proteins that contribute to the development and
progression of obesity-related complications, such as insulin resistance and T2D (Tchkonia et al.,
2010). Recent studies revealed that premature cell senescence attributed to obese adipose tissue
significantly diverges from aging-mediated cell senescence wherein mitochondrial dysfunction, DNA
damage, and rapid mitogenic induction irreversibly inhibit cell cycle progression (Smith et al., 2021).
Increased abundance of senescent adipose progenitor cells and endothelial cells were reported in obese
adipose tissue of T2D patients. In addition to senescent progenitor cells, the magnitude of pro-
senescent mature adipose tissue cells population also skyrocketed in obese T2D patients (Gustafson et
al., 2022; Smith et al., 2021). Moreover, systemic hyperinsulinemia has been recently revealed as an
activator of endoreplication by switching on cell cycle regulator protein cyclin D1 in mature human
adipocytes which potentiates the induction of adipocyte death (Q. Li et al., 2021). Morbidly obese
adipose tissue exhibits features of severe stress conditions including chronic inflammation, lipotoxicity,
and oxidative stress, and these are the probable cause of adipocyte senescence (Manna & Jain, 2015).
Unregulated adipocyte senescence is a key signature of obese adipose tissue which may contribute to

the development of insulin resistance and T2D (Palmer et al., 2019).

The initial discovery of cellular senescence was made by Hayflick, which showed proliferating cells
losing cell division ability by irreversible blockage of the cell cycle that leads to a nondividing state,
now it is called replicative senescence and considered an essential physiological event, often associated
with aging (Hayflick, 1965; Shay, 2016). Research in the field of obesity-associated adipocyte
senescence, particularly in white adipose tissue has been done by multiple research groups over the last
decade. Adipocyte death rapidly increased with obesity in rodents and humans, where the death toll
hiked by 30 folds. Moreover, the number of adipocytes in epididymal adipose tissue decreased by
approximately 80% in 16 weeks of high-fat-diet obese mice by rapid senescence (Cinti et al., 2005;
Strissel et al., 2007). Dead adipocytes attract macrophages to scavenge the lipid droplets ultimately
forming multinucleate giant cells, which are a hallmark of chronic inflammation and play role in the
development of obesity-related metabolic disorders (Cinti et al., 2005). As the ‘mouse Ageing Cell
Atlas’ uncovers aging associated with increased cell senescence in most of the tissue and organs that
implicate lower number of functional cells with increased inflammation (Tabula Muris Consortium,
2020). Interestingly, obesity promotes pro-senescent cell accumulation in vVWAT that contributes to the

development of type 2 diabetes. Higher oxidative stress associated with the obese murine model as well
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as obese type 2 diabetes individuals adipose tissue and promotes senescent phenotype including high
[-galactosidase activity and secretion of TNF-a, IL-6, and CCL2 by rapid activation of p53 (Minamino
et al., 2009). The adipose tissue senescence is also regulated by severe DNA damage and mediated by
DNA polymerase n ablation in mice, followed by overexpression of p21, ATM, and p53. Moreover
polymerase n~ mice exacerbate body fat gain, accumulated senescent cells, and increased SASP
profile (Y.-W. Chen et al., 2015). Systemic high glucose enforces premature senescence in vitro in
endothelial cells, renal mesangial cells, adipose-derived stem cells (also known as preadipocytes or fat
cell progenitors), and fibroblasts. Senescent preadipocytes are found in higher abundance in obese
individuals compared to lean individuals of the same age, even in younger individuals and it contributes
to declines in adipogenic and lipogenic potential, leading to age-related lipodystrophy, lipotoxicity, and
inflammation (Smith et al., 2021). Moreover, the secretion of inflammatory cytokines from senescent
preadipocytes, which is part of the senescence-associated secretory phenotype (SASP), creates a low-
grade inflammatory state that can contribute to insulin resistance and the development of T2D
(Gustafson et al., 2019). Furthermore, impaired adipose tissue function leads to an imbalance in lipid
metabolism, resulting in ectopic lipid deposition in non-adipose tissues such as the liver or muscle
exacerbating pathogenesis. Recently it was reported that postmitotic mature adipocytes can enter in cell
cycle are able to synthesize DNA, and pass through the S phase, which enhances adipocyte’s genetic
enrichment as well as cell size increases and acts as endo-replicating cells (Q. Li et al., 2021). Whereas
type 2 diabetes-associated hyperinsulinemia induces cell cycle progress and implicates senescent cell
program in mature adipocytes. Adipose progenitor cells, as well as mature lipid-laden adipocytes, were
characterized by increased senescence in comparison to lean individuals which may occur because of
earlier evident hyperinsulinemia in obese T2D patients (Gustafson et al., 2019, 2022; Smith et al.,
2021). Moreover, senescent cells play a causal role in obesity-related metabolic derangements and
chronic inflammation, and emerging senolytic agents are found to selectively target and eliminate

senescent cells (Palmer et al., 2015, 2019; Tchkonia et al., 2010).

In conclusion, the comprehensive review of the literature underscores the pivotal role of obesity-
induced adipose tissue dysfunction, driven by a triad of factors: adipocyte senescence, miRNA-
mediated inflammation, and insulin resistance. These interconnected mechanisms orchestrate
significant adipose tissue remodeling, profoundly altering its cellular architecture. Understanding these
intricate processes is imperative for unraveling the complexities of obesity-related health consequences
and may hold the key to developing targeted interventions for improving metabolic health in the face

of this growing global health challenge.
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miR-210-3p promotes Adipose Tissue Macrophage Inflammation
in Obesity

3.1 Background

Increased accumulation of body fat in obesity is considered the highest risk factor for the development
of several metabolic diseases including IR and T2D (Hotamisligil et al., 1995; Qatanani & Lazar, 2007,
Xu et al., 2003). Excess storage of fat inside the adipocytes leads to the formation of hypertrophied
adipocytes which by releasing higher levels of circulatory free fatty acids (FFAs) induce a state of
chronic low-grade inflammation in adipocytes and adipose tissue macrophages (ATMs) resulting in the
onset of obesity-induced adipose tissue inflammation. Obesity-induced enhancement of FFAs is
accompanied by the reduction of adipose tissue vascularisation creating a zone deprived of adequate
oxygen and nutrients. Accumulating evidence revealed a considerable drop in partial pressure of
oxygen (p0O») referred to as hypoxia in the subcutaneous and vVWAT of obese diabetic patients as
compared to lean non-diabetic subjects. It has been shown that adipose tissue hypoxia plays a major
role in adipose tissue inflammation and insulin resistance during the state of chronic obesity. Hypoxic
adipocytes promote adipose tissue inflammation by secreting various proinflammatory cytokines and
chemokines. The inflammatory chemokines such as CCL2/MCP1 aggravate the adipose tissue
inflammation by heightened infiltration of macrophages and its polarization towards the M1 phenotype
as evident in the obese adipose tissue of patients and mice (Blither, 2016; Fuster et al., 2016; Pasarica
etal., 2009; Ye et al., 2007).

Exploring the involvement of non-coding RNAs particularly microRNAs in the obese hypoxic adipose
tissue, it appeared that miR-210 is a well-known hypoxia-inducible miRNA. Recent shreds of evidence
have shown that diabetic patients as well as diabetic animal models have abnormally high levels of
miR-210. In clinical studies, elevated level of miR-210 has been detected in both adolescent T1D and
T2D patients. From these above facts, we are interested in investigating any potential role of miR-210-
3p in ATMs for causing obesity-induced chronic low-grade inflammation (Amr et al., 2018; Chan et
al., 2012; Liu et al., 2021; Osipova et al., 2014).

Although the lone effects of palmitate or hypoxia on adipocyte function and insulin resistance have
been well studied, however, the combined impact of high lipid content along with hypoxia on ATM
inflammation has not been clearly understood yet. In this study, we have found that the obese hypoxic
ATenv stimulates the increased expression of miR-210-3p in the ATMs that provoked inflammation
and its polarization towards the M1 phenotype via the SOCS-1/NF-«xB pathway. Suppression of miR-
210-3p markedly attenuated adipose tissue inflammation with the improvement of insulin sensitivity.

Therefore, targeting ATM-specific miR-210-3p could be an excellent strategy to regulate obesity
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induced adipose tissue inflammation for the management of IR and T2D (Pasarica et al., 2009; Wang

et al., 2007).

3.2 Results

3.2.1 Obesity-associated hypoxic state of adipose tissue microenvironment potentiates
increased expression of miR-210-3p in ATMs

Investigating pathophysiological adipose tissue microenvironment (ATenv) of obese diabetic state, we
have found a marked induction of hypoxia and lipid accumulation in the vVWAT (VAT) of obese T2D
patients and high fat diet-induced (HFD) obese diabetic mice model (Fig. 3.1K) as evident from the
HIF1a levels (Fig. 3.1A-B and Fig. 3.1M) and lipid staining (Oil red-O and BODIPY F16) (Fig. 3.1A-
B and Fig. 3.1L) in comparison with their control counterparts. This was further confirmed by the
significant enhancement of TG levels in the VAT of obese diabetic patients and HFD mice (Fig. 3.1C)
along with the lowering of oxygen tension indicated by Image-iT green hypoxia staining in the VAT
of HFD mice (Fig. 3.1D) as compared to controls. These results indicate the dyslipidemic and hypoxic
state of obese diabetic ATenv. We also noticed a significant accumulation of macrophage population
in the VAT of obese diabetic patients and HFD mice model as indicated by CD68 and F4/80 staining
(Fig. 3.1E,F) which coincided with the inflammatory landscape as evident from the increased level of

iNOS over ARG (Fig. 3.1E,F) and various proinflammatory cytokines gene expression (Fig. 10).

Since adipose tissue macrophages (ATMs) play a crucial role in obesity-associated chronic
inflammation and insulin resistance, therefore, we are interested in exploring the involvement of
specific microRNAs (miRNAs) therein. To investigate the specific hypoxia-induced miRNAs in the
ATMs of obese diabetic ATenv, we searched existing literature and considered a GEO database
(GSE97652) that comprised a miRNA dataset of ATM-derived exosomes (ATM-Exos) obtained from
lean and obese mice. We reanalyzed the dataset and filtered out the primary miRNAs associated with
hypoxic conditions. Interestingly, the volcano plot derived from the DESeq2 analysis of the GSE97652
dataset (Fig. 3.1G) showed six differentially expressed hypoxia-regulated miRNAs (miR-210-5p, miR-
210-3p, miR-27a-5p, miR-27b-5p, miR-101b-5p, and miR-128-1-5p) in ATM-Exos of the obese mouse
as compared to lean one. Data showcased in Fig. 3.1H shows read count distribution boxplots for these
miRNAs in the ATM-Exos of lean and obese mice. Among these miRNAs, miR-210-3p exhibited
maximum induction of ~4-fold increase in obese mice in comparison to lean controls (Fig. 3.11I). This
finding encouraged us to examine the miR-210-3p level in the ATMs of obese diabetic patients, and
HFD-induced diabetic mouse model. As expected, we observed a profound increase of miR-210-3p a
higher level of miR-210-3p is a key signature in the ATMs of the pathophysiological obese diabetic
condition(Fig. 3.1J).
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Figure 3.1| Lipid-rich low oxygen tension in obese ATenv potentiates high miR-210-3p expression
in ATMs.

(A-B) Representative images of human (A) and mice (B) VAT sections with HIFla
immunohistochemical staining or Oil red O staining with quantification data; Scale bar, 100pm. n=5,
*p<0.05; for patients sample and Scale bar,200pum. n=3, for mice ***p<0.001 (student’s t-test). (C)
VAT Triglyceride level was measured in patients (ND and DM) and mice (SD and HFD) (D) Image-
IT green hypoxia staining of VAT sections of SD and HFD mice. Scale bar size, 100pm.(E)
Immunohistochemical analysis of CD68, iNOS, and ARGI1 in ND and obese diabetic (DM) patients
VAT and its quantification analyses. Scale bar, 100um. (F) Representative images of SD and HFD
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mice VAT sections with F4/80, iNOS and ARG1 immunohistochemical staining. Scale bar, 200um.
(G) Volcano plot derived from the DESeq2 analysis of GSE97652 dataset indicates miRNAs
differential expressed between obese and lean samples. Y-axis denotes -logl0 of p-adjusted values
obtained from the DESeq?2 pipeline, and log2 fold changes are plotted on the X-axis. Red dots indicate
significant miRNAs that passed certain criteria filters (FDR < 0.1 and |log2FC| >1.5), while black dots
are considered non-significant. Annotated miRNAs with purple text are of special interest. (H) Read
count distribution boxplots for five miRNAs of interest overlapped with differentially expressed
miRNAs. Y-axis indicates normalized read counts on the logl0 scale. The X-axis indicates two
different levels of condition for mice. (I) Quantitative RT-PCR analyses of miR-210-3p in ATMs of
ND and DM patients. n=7-9, **p<0.01(J) Relative expression of miR-210-3p in F4/80+ sorted ATMs
from vVWAT from SD and HFD mice of 8 weeks, 12 weeks. n=3,***p<0.001. (K) Body weight of
C57BL/6 mice fed with SD or HFD for 12 weeks and body weight was measured. (L)
Immunofluorescence images showing BODIPY staining and quantification of mean fluorescence
intensity in the adipose tissue section of SD and HFD mice. scale bar, 150pm. (M) HIF-la protein
expression was analyzed in the SVF of control (ND) and DM patients VAT and in ATMs of SD and
HFD mice VAT. (N) Flow cytometry analyses of F4/80+ macrophages in SVF of SD and HFD VAT.
(O) qRT-PCR analyses showed the expression of inflammatory cytokines (IL6, TNF-a, ARG, Ym1) in
F4/80+ ATMs from SD and HFD mice.

3.2.2 Inhibition of miR-210-3p protects HL-induced macrophage inflammation and its
polarization

Since ATMs are the main source of inflammatory cytokine production in the obesity-induced inflamed
adipose tissue and that caused its dysfunction (Martin, 2011), we, therefore, questioned how increased
expression of miR-210-3p in obese ATenv governed the ATM inflammation and adipocyte dysfunction.
To explore this, we first set up an in-vitro condition where RAW 264.7 macrophages were co-incubated
with 1%0, and 0.75mM palmitate for different time periods to simulate the pathophysiological
condition of obese ATenv and analysed miR-210-3p expression. Co-exposure of both hypoxia and lipid
(HL) significantly increased the miR-210-3p and HIFla levels at 16h in RAW 264.7 cells (Fig. 3.2A
and Fig. 3.2M,N). Hypoxia and lipid alone stimulation augment miR-210-3p expression in
macrophages but the co-exposure of both hypoxia and palmitate potentiates miR-210-3p expression in
macrophages to a greater extent (Fig. 3.2B). Moreover, HL co-exposure notably stimulates various pro-
inflammatory cytokines gene expression (Fig. 3.2C) as compared to the lone effect of hypoxia or lipid
(Fig. 3.20). Immunofluorescence staining of iNOS and ARG1 further confirmed that co-exposure of
HL soared the iNOS levels in concomitance with the reduction of ARGI levels in RAW 264.7
macrophages (Fig. 3.2D and Fig. 3.2P-R).

For a better understanding of the inflammatory nature of HL-treated macrophages, we examined the
expression profile of 21 different inflammatory genes and found a significant upregulation of NOS2,
TNF-a, CXCL5, IL6, CCL2, ILIS, CD80, CD86, MHCII, and CCR2 gene expression and
downregulation of IL10, IL4, Yml, CD206, CD163 gene expressions (Fig. 3.2E) which depicting M1
macrophage phenotype. Furthermore, a significant enhancement of proinflammatory cytokines gene

expression was observed due to HL in IL4 induced M2 macrophages (Fig. 3.2S) suggesting M2 to M1
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polarization shift. For more clarification, we have performed flow cytometric analysis of M1 (CD8&0)
and M2 (CD206) phenotypic markers. A massive induction of CD80"CD206  population (~80 fold)
was noticed in HL-treated RAW264.7 cells as compared to control (Fig. 3.2T). For further validation,
we have isolated ATMs (CD11b"CD64") from VAT of non-diabetic and obese diabetic subjects and
analysed CD80 (M1) and CD163 (M2) surface markers. Sorted ATMs of obese diabetic patients
displayed an enhanced level of M1 over the M2 marker by expressing high CD80 and low CD163 (Fig.
3.2U). Similarly, high CD80 with low CD206 was observed in F4/80" ATM populations of HFD mice
as compared to SD mice (Fig. 3.2V). All these results indicate that the obese hypoxic state of ATenv
influence macrophages' M1 state with a higher level of miR-210-3p expression, suggesting a possible

link of miR-210-3p with obesity-induced adipose tissue inflammation.

To investigate the direct effect of miR-210 on macrophage M1 polarization and inflammation,
RAW264.7 macrophages were transfected with miR-210-3p mimic or inhibitor in the absence and
presence of HL microenvironment followed by the analysis of M1/M2 populations through flow
cytometry. Interestingly, miR-210-3p inhibition significantly reduced CD80(M1) levels along with the
induction of CD206(M2) in HL-treated macrophages (Fig. 3.2F and Fig. 3.2W). Concomitantly, we
noticed suppression of proinflammatory cytokines genes (TNF-a, iNOS, and IL6) expression along with
the upregulation of anti-inflammatory cytokines genes (/L4, IL13, and Ym1) expression in miR-210-3p
inhibited HL-treated macrophages (Fig. 3.2G). ELISA analysis further confirmed higher levels of IL6
and TNF-a cytokine secretion from the HL-stimulated macrophages, and this was significantly
prevented in the presence of miR-210-3p inhibitor as compared to the control inhibitor (Fig. 3.2H).
Since miR-210-3p inhibited macrophages are protected from HL-induced inflammation, iNOS and

ARG1 levels remain unaltered under the HL. microenvironment (Fig. 3.2I).

On the contrary, introducing miR-210-3p mimic markedly upregulates the CD80 level in macrophages
in absence of HL stimulation (Fig. 3.2J). Furthermore, induction of proinflammatory gene expression
along with the reduction of anti-inflammatory Ym/ gene expression (Fig. 3.2K) coincided with the
increased levels of iNOS and subdued levels of ARG1 (Fig. 3.2L) were observed in miR-210-3p mimic
transfected cells. Since obese adipose tissue has a profound accumulation of macrophages which
releases a considerable amount of miR-210-3p in the exosomes, we are therefore interested to see the
impact of miR-210-3p in nearby adipocytes. For this, miR-210-3p mimic was transfected in 3T3-L1
adipocytes and found thatmiR-210-3p mimic significantly increased NF-kB activation, as well as
upregulation of proinflammatory cytokines (iNOS, MCPI) gene expression without any notable
alteration of anti-inflammatory cytokines (/L4, IL10) gene expression (Fig. S3.2X,Y). These results
vowed a direct role of miR-210-3p in ATM and adipocyte inflammation favouring a state of inflamed
adipose tissue that facilitates macrophage polarity switching toward the M1 proinflammatory

phenotype.
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Figure 3.2 | Chronic obese ATenv promotes ATMs skewing towards M1

(A-B) qRT-PCR analyses of miR-210-3p expression in RAW264.7 murine macrophages, co-incubated
with hypoxia(H) and lipid(L) for different time periods (A) and treated with hypoxia or lipid alone or
in combination of hypoxia and lipid for 16 hours (B). n=3, *p<0.05, **p<0.01, ***p<0.001 or ns.(C)
Relative mRNA expression of proinflammatory cytokines iNOS, IL6, and TNF-o. in HL co-stimulated
macrophages for different time periods (8,16, 24 hours) n=3, *p<0.05, **p<0.01, ***p<0.001 or ns.
(D) Immunofluorescence analysis of iNOS (left panel) and ARG1 (right panel) expression with
quantification analyses in murine macrophages co-treated with or without HL. DAPI was used for
nuclear staining. Scale bar, 10uM. n=3, ***p<(.001. (E) Quantitative RT-PCR analyses of different
pro-inflammatory and anti-inflammatory markers in HL treated macrophages for 16 hours. LPS and
IL4 treatment were considered as positive control for M1 and M2 phenotype macrophage respectively.
(F) Flow cytometry analyses for CD80 and CD206 in control inhibitor (CI) or miR-210-3p inhibitor
(MI) treated mouse macrophages co-incubated with or without HL. n=3, **p<0.01 (G) Quantitative
RT-PCR analyses of proinflammatory cytokines (iNOS, TNF-a, IL6) and anti-inflammatory cytokines
(Yml, IL4, IL13) in CI or MI treated mouse macrophages co-incubated with or without HL. n=3,
**p<0.01, ***p<0.001 or ns. (H) Quantification of extracellular release of IL6 and TNF-a in CI or MI
treated mouse macrophages co-incubated with or without HL. n=3, *p<0.05, **p<0.01, ***p<0.001 or
ns. (I) Immunofluorescence analysis of iNOS and ARGI1 expression (left panel) in CI or MI-treated
macrophages co-incubated with or without HL and quantification analyses (right panel). DAPI was
used for nuclear staining. scale bar, 20uM. n=3, *p<0.05 (J) Flow cytometry analyses for CD80 and
CD206 in control mimic (CM) or miR-210-3p mimic (MM) treated macrophages. (K) Relative gene
expression of TNF-o and Yml in CM or MM treated macrophages. n=3, *p<0.05 or ns. (L)
Immunofluorescence analysis (left) of iNOS and ARGI1 expression in CM or MM treated macrophages
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and quantification analyses (right). DAPI was used for nuclear staining. scale bar 20pm. n=3, *p<0.05
or **p<(0.01. (M) Immunoblot analyses showed HIF-1a expression in RAW264.7 macrophage co-
treated with or without hypoxia and lipid. (N) Immunofluorescence monograph depicts HIF-1a (green)
expression and nuclear localization in RAW 264.7 macrophages in the presence or absence of HL.
Colocalization quantification was performed using pearson coefficient. scale bar size, 10pM. (O)
mRNA expression analysis of pro-inflammatory (/L6, iNOS, TNFa, MCPI) and anti-inflammatory
cytokine (Yml) in RAW264.7 macrophages under different conditions. (P) Immunofluorescence
analyses of iNOS and ARG1 in RAW 264.7 macrophages exposed to hypoxia or lipid individually.
scale bar size, 10um. (Q,R) Flow cytometry analysis for iNOS in macrophage cells under different
conditions and quantification analyses. (S) Quantitative RT-PCR analyses of proinflammatory
cytokines (iNOS, TNFa, IL6) in mouse macrophage differentiated into M2 phenotype then co-incubated
with hypoxia and lipid for different time periods. (T) Flow cytometry analysis of CD80" and CD206"
expression in RAW264.7 macrophages under hypoxia and lipid co-exposure. (U) Flow cytometry
analysis for CD11b"/CD64", CD80", CD64"/CD163" positive cells from single cell suspension of
stromal vascular fraction isolated from VAT of control (ND) and obese diabetic patients (DM). (V)
Flow cytometry analysis for F4/80"/CD80 ", F4/80"/CD206" positive cells from single cell suspension
of stromal vascular fraction isolated from VAT of SD and HFD mice. (W) qRT-PCR analyses of miR-
210-3p expression in murine macrophages transfected with control inhibitor (CI) and miR-210-3p
inhibitor (MI). (X) qRT-PCR analyses showed relative mRNA expression of proinflammatory genes
iNOS, MCP] and anti-inflammatory genes /L4, IL10 in adipocytes transfected control mimic (CM)
and miR-210-3p mimic MM. (Y) Western blot analyses showed expression of phosphorylated NF-xB
in whole cell lysate from adipocytes transfected with control mimic (CM) and miR-210-3p mimic
(MM).

3.2.3 miR-210-3p drives obesity-induced ATM inflammation by targeting the SOCS1/NF-
kB pathway

To investigate the underlying mechanism of miR-210-3p involvement in obesity-induced ATMs
inflammation, we have searched for the putative targets of miR-210-3p that can potentially regulate
inflammatory pathways. We have found that SOCS1 could be a potential target of miR-210-3p as
indicated by the miRWalk miRNA target prediction database (Fig. 3.3K), and that may be involved in
the impairment of NF-«B signalling. The nucleotide sequence of SOCS! 3'-UTR are conserved in the
transcript sequence of human and mice that critically offers the binding site of miR-210-3p (Fig. 3.3A).
We have used RNAhybrid webserver to predict the minimum free energy (mfe) for the interaction of
different SOCS1 mRNA transcripts with miR-210-3p. The miR-210-3p sequence complementary to 3'-
UTR of SOCS1 forms a hybrid sequence having minimum free energy of -32.2 kcal/mol (mouse SOCS!
transcript) and -31.7 kcal/mol (human SOCS] transcript) (Fig. 3.3L). To validate the binding of miR-
210-3p with 3'-UTR of SOCSI, we have performed a luciferase reporter assay with wild-type and
mutant SOCS! 3’-UTR. HL co-exposure significantly inhibits luciferase activity in wild-type SOCSI
3’-UTR transfected cells, however, such effect was compromised in cells transfected with mutated
SOCS1 3'UTRs (Fig. 3.3B) indicating a direct interaction of miR-210-3p with SOCSI 3'UTR in the
pathophysiological condition. We then examined the SOCSI expression and observed a significant
reduction of its level in the SVF of adipose tissue of obese diabetic patients as compared to lean non-
diabetic subjects (Fig. 3.3C,D). Among the members of the SOCS family, only SOCSI1 acts as a
ubiquitin ligase, that is capable to interact with NF-xBp65 through its SOCS box domain which leads
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to polyubiquitination and proteasomal degradation of NF-kBp65 resulting in termination of NF-xB
inducible gene expressions (Love et al., 2014). We, therefore, analyzed the SOCS1 mediated NF-xB
activation in pathophysiological conditions. Western blot analysis showcased a significant reduction of
SOCS1 expression along with the enhanced levels of phospho-NF-kB in the adipose tissue SVF of
obese diabetic patients as compared to lean non-diabetic subjects (Fig. 3.3E). This was also evident
from HL-treated RAW264.7 cells, exhibiting a time-dependent enhancement of NF-«xB activation (Fig.
3.3M) and its increased nuclear translocation (Fig. 3.3N,0). To examine the role of macrophage-
specific SOCS1 in macrophage inflammation, we silenced SOCS1 in RAW264.7 cells using siRNA
(Fig. 3.3P) and incubated them in the absence or presence of HL stimulation. Silencing of SOCSI
significantly increased NF-kB activation whereas, co-stimulation of HL in SOCS1 silenced cells further
aggravated NF-«xB activation (Fig. 3.3Q). Furthermore, to exclude the possibility of other targets of
miR-210-3p which could contribute to the suppression of NF-«kB signaling, we analyzed RelA (p65
subunit of NF-kB) interacting partners using the EMBL INACT server (www.ebi.ac.uk/intact/search).

Each of the RelA interacting partners was searched against the 16853 mmu-miR-210-3p target genes
identified through miRWALK database search (Fig. 3.3S,T) and found that BRD4, NF-xBIB, SOCS1,
CUL2, COMMDI1, XPO1,and MYOCD are predicted targets of mmu-miR-210-3p, out of which SOCS1,
NF-BIB, CUL2, COMMDI, and MYOCD are negative regulators of NF-kB. To find out the most
efficient target of miR-210-3p that can potentially inhibit NF-xB under lipid-rich hypoxic conditions,
we evaluated the expression of these selected candidate genes in control mimic and miR-210-3p mimic
transfected macrophages and observed a profound decline of SOCS! gene expression (~70 %) as

compared to other candidate genes in miR-210-3p mimic transfected cells (Fig. 3.3U).

To decipher the direct role of miR-210-3p on SOCS1 mediated NF-«xB activation in the ATMs, miR-
210-3p mimic transfected cells were examined and found a significant downregulation of SOCS1 gene
and protein expression in concomitance with the upregulation of NF-kB activation (Fig. 3.3V,W). Also,
we have analysed the SOCS1 and NF-«xB activation in control and miR-210-3p inhibitor transfected
RAW?264.7 macrophages co-treated with HL. Exposure of HL strikingly reduced SOCS1 expression
which coincided with the increased level of phospho-NF-xB and its nuclear translocation; however,
such attributes were significantly attenuated in miR-210-3p inhibitor transfected cells (Fig. 3.3F-H).
Moreover, to assess whether the SOCS1 inhibitory effect on NF-kB activation is mediated through the
proteasomal degradation of phospho-NF-kB, we transfected macrophages with control or miR-210-3p
inhibitor in the absence or presence of a proteasome inhibitor, MG-132 and treated with HL. Our
finding demonstrated that MG-132 treatment notably protects NF-kB p65 phosphorylation-dependent
proteasomal degradation in macrophages transfected with miR-210-3p inhibitor (Fig. 3I). Moreover, a
higher level of phospho-NF-xB and its nuclear localization was fanned when miR-210-3p mimic

transfected cells were treated with MG-132 (Fig. 3.3X). Since obesity-induced inflammatory milieu in
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the adipose tissue is known to be associated with the impairment of insulin sensitivity (Curat et al.,

2006), we co-cultured 3T3-L1 adipocytes with macrophages transfected with a control inhibitor or miR-

210-3p inhibitor in the absence or presence of HL stimulation. Interestingly, attenuation of adipocytes'

insulin sensitivity in response to its co-culture with HL-incubated macrophages was markedly

prevented when transfected with miR-210-3p inhibitor (Fig. 3.3J). Since higher enrichment of miR-

210-3p was evident from ATM-derived exosome, therefore, we analysed the paracrine and endocrine

action of miR-210-3p on the insulin sensitivity of 3T3-L1 adipocytes and C2C12 myotubes.

Interestingly, we have found that delivery of miR-210-3p mimic significantly attenuates insulin

sensitivity in 3T3-L1 adipocytes and C2C12 myotubes as evident from the reduction of 2-NBDG

uptake study (Fig. 3.Y,Z). All these results suggest that miR-210-3p plays a key role in obesity-induced

ATMs inflammation by targeting the SOCS1/NF-xB pathway and it could also influence the

adipocyte's insulin sensitivity.
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Figure 3.3 |miR-210-3p derives obesity-induced ATM polarization and inflammation by targeting
the SOCS1-NF-kB pathway

(A) Putative conserved binding site of SOCS1 with miR-210-3p and seed sequence of miR-210-3p and
mutated 3’ UTR site of SOCS1. (B) Luciferase activity in RAW264.7 macrophages co-transfected with
WT or mutated (mutl and mut 2) SOCS1 plasmid constructs and CM or MM. n=3, **p<0.01. (C)
Relative mRNA expression of SOCS/! in stromal vascular fractions of control (ND) and obese diabetic
(DM) patients. n=7-10, ***p<0.001. (D) Immunohistochemical staining (left panel) of SOCS1 in
adipose tissue section of human VAT and quantification analyses (right panel). Scale bar, 100uM. n=5,
**%p<(0.001 (student’s t-test). (E) Western blot analyses of SOCS1 and phosphorylated NF-kB in the
cellular lysate of stromal vascular fractions isolated from VAT of control (ND) and obese diabetic
(DM) human subjects. (F-G) CI or MI treated macrophages co-incubated with or without HL are
considered for mRNA expression analyses of SOCS! (F) and western blot analyses of SOCSI,
phosphorylated NF-xB p65 (G). n=3, **p<0.01, ***p<0.001 or ns. (H) Immunofluorescence analysis
(left panel) showing nuclear localization and expression of phospho-NF-kB in CI or MI treated
macrophages co-incubated with or without HL and quantification analyses (right panel). Scale bar,
10pM. n=3, *p<0.05, ***p<0.001. (I) Immunoblotting analyses of phosphorylated NF-xB in control
and miR-210-3p inhibited macrophages treated with or without HL and MG132. DMSO was used as
vehicle control. (J) Glucose uptake assay performed in 3T3-L1 adipocytes cocultured (transwell) with
CI or MI transfected macrophages in the presence or absence of HL. n=3, *p<0.05, **p<0.01. (K,L)
Database (microRNA.org) searching result showing the interaction of miR-210-3p with human SOCS1
mRNA (K) and RNAhybrid webserver was used to predict the minimum free energy (mfe) of different
mouse SOCS1 mRNA transcripts and miRNA-210-3p interactions (L). (M) Phosphorylated NF-xB
expression was quantified by performing western blot analyses in murine macrophages co-exposed to
hypoxia and lipid for different time periods. (N) Western blot analyses showed expression of
phosphorylated NF-xB p65 in nuclear fraction and cytoplasmic fraction of RAW264.7 macrophages,
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co-incubated with hypoxia and lipid. LPS exposure counted as positive control for NF-kB activation.
(O) Immunofluorescence analyses and mean fluorescence intensity quantification of phospho NF-«xB
p65 in hypoxia and lipid combined exposed macrophages. DAPI was used for nuclear staining. Scale
bar size, 10pum. (P,Q) mRNA expression analysis (P) and western blot analyses (Q) showed reduced
expression of SOCS1 in SOCS1 siRNA transfected macrophages. (R) Immunoblot analyses of
phosphorylated NF-kB p65 in control siRNA or SOCS1 siRNA transfected macrophage co-incubated
with or without hypoxia and lipid. (S) Rel A (p65 subunit of NF-kB) interacting partner in EMBL
INACT server. (T) Overlapping pie diagram showed selected negative regulators of NF-xB p65 and
miR-210-3p target molecule as per the miRWALK database search. (U) qRT-PCR analyses of
MYOCD, CUL2, COMMDI1, NF-xBIB and SOCSI1 in control mimic and miR-210-3p mimic
transfected macrophages. (V) Control mimic and miR-210-3p mimic transfected macrophages are
considered for protein expression of SOCS1, phospho NF-«kB p65. (W) Immunofluorescence analyses
of phosphorylated NF-xB p65 in control mimic and miR-210-3p mimic transfected murine
macrophages treated with or without MG132. DMSO was used as vehicle control. (X,Y) Glucose
uptake assay was performed in CM and MM transfected adipocytes (X), and C2C12 (Y).

3.2.4 Anti-miR-210-3p delivery rescued obesity-induced ATM inflammation

To inspect the therapeutic potential of miR-210-3p inhibitor in the rescue of obesity-induced adipose
tissue inflammation and insulin resistance, we administered control LNA or anti-miR-210-3p LNA
directly to the VAT of HFD mice (Fig. 3.4A) and validated their efficacy by analysing miR-210-3p
expression (Fig.3.4L). Also, we have estimated the body weight and food intake for the entire 7 days
of post-surgery (Fig. 3.4M,N) to examine the post-surgery recovery of mice. On day 7, adipose tissue
was harvested for immunofluorescence analysis of F4/80, CD163, iNOS, and ARG1. A profound
increase in the anti-inflammatory CD163"F4/80" macrophage population was observed in the HFD
adipose tissue injected with anti-miR-210-3p LNA (Fig. 3.4B). Similarly, reduced level of iNOS and
enhanced level of ARG1 was also witnessed in the anti-miR-210-3p LNA delivered adipose tissue of
HFD mice (Fig. 3.4C). Moreover, we have collected the ATMs from these mice on day 7 and analysed
for ATM polarization and inflammation. Anti-miR-210-3p LNA administered HFD mice exhibited an
abundance of M2 (F4/80"CD206") over M1 (F4/80"CD80") ATM population (Fig. 3.4D) with a notable
reduction of proinflammatory (iNOS, and /L6) over anti-inflammatory (/L/3, and Ym1) cytokines gene
expression (Fig. 3.4E) as compared to control LNA injected HFD mice. To exclude the contributions
of other cell types in adipose tissue in response to anti-miR-210-3p LNA treatment, we have checked
miR-210-3p and SOCS1 expression in the adipocytes isolated from control LNA and anti-miR-210-3p
LNA injected mice. We found that miR-210-3p expression was reduced in isolated adipocytes of anti-
miR-210-3p LNA administered mice but not significantly compared with control (Fig. 3.40). Also,
adipocytes' SOCS1 expression and inflammatory cytokines levels were not significantly altered in
response to anti-miR-210-3p LNA administration (Fig. 3.4P,Q). These results suggest that adipocytes'
contribution has not been substantial for altering adipose tissue inflammatory state upon anti-miR-210-
3p LNA treatment, rather it depicts the exclusive role of miR-210-3p in ATMs inflammation and
therefore ATM-specific inhibition of miR-210-3p would be beneficial to improve the inflammatory

setting of obese adipose tissue.
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Figure 3.4| Anti-miR-210-3p LNA delivery rescues obesity-induced ATM inflammation and
insulin resistance

(A) Schematic diagram showing the development of HFD (DIO) mice model and adipose tissue-
specific delivery of control LNA or anti-miR-210-3p LNA. (B,C) Representative images of VAT
sections showing immunohistochemical staining along with quantification analyses of F4/80 and
CD163 (B) iNOS or ARG (C) in control LNA and anti-miR-210-3p LNA injected HFD mice. Scale
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bar, 200um. n=3, ***p<0.001 or ns. (D) Flow cytometry analyses for F4/80" CD80" and F4/80"
CD206" positive cells in the stromal vascular fraction of control LNA or anti-miR-210-3p LNA injected
HFD mice VAT. n=3, **p<0.01, ***p<0.001 (E) Relative gene expression of proinflammatory
cytokines (IL6, iINOS) and anti-inflammatory cytokine (IL13, Ym1) in sorted ATMs from control LNA
or anti-miR-210-3p LNA injected HFD mice. n=3, *p<0.05, **p<0.01, ***p<0.001. (F) SOCS1 protein
expression was analyzed and quantified by performing immunohistochemical staining of VAT of
control LNA or anti-miR-210-3p LNA injected HFD mice (left) with quantification analyses (right).
Scale bar, 200uM. n=3, ***p<(0.001. (G) Quantitative RT-PCR analyses of SOCS1 mRNA in the
ATMs of control LNA or anti-miR-210-3p LNA injected HFD mice. n=3, *p<0.05. (H) Western blot
analysis was performed to measure phosphorylated NF-xB and SOCS1 protein expression in the ATMs
of control LNA or anti-miR-210-3p LNA injected HFD mice. n=3, **p<0.01, ***p<0.001. (L) qRT-
PCR analyses showed miR-210-3p expression in ATMs isolated from control inhibitor LNA and miR-
210-3p inhibitor LNA injected adipose tissue. (M, N) Body weight and daily food intake data in HFD
mice undergo surgical procedures to administer control inhibitor LNA and anti-miR-210-3p LNA. (O-
Q) gPCR analyses showed miR-210-3p, SOCSI1, inflammatory cytokines IL-1p, iNOS, IL13, and IL.10
mRNA expression in adipocytes isolated from control inhibitor LNA and anti-miR-210-3p LNA
injected adipose tissue of HFD mice. (R) Western blot analyses of SOCS1 and phospho NF-«kB p65 in
ATMs isolated from SD and HFD VAT. (S) Immunoblot analyses of phospho NF-kB p65 and SOCS1
in ATMs isolated from control inhibitor LNA and miR-210-3p inhibitor LNA injected adipose tissue
of SD and HFD groups. *p<0.05 **p<0.01 ***p<0.001 or ns.

As we have found that miR-210-3p promotes NF-kB activation-dependent inflammation in RAW 264.7
macrophages by targeting the SOCS1/NF-«xB pathway (Fig. 3.3), therefore, we examined the level of
SOCS1 expression and NF-kB activation in the adipose tissue of SD and HFD mice (Fig. 3.4R).
Immunofluorescence analysis showed a profound induction of SOCS1 in the VAT of HFD mice treated
with anti-miR-210-3p LNA (Fig. 3.4F). Upregulation of SOCS1 expression (Fig. 3.4G-H) coincided
with the subdued levels of phospho-NF-kB p65 (Fig. 3.4H) in the ATMs of anti-miR-210-3p LNA
administered HFD mice. However, NF-kB p65 activation and SOCS1 expression have not been altered
significantly in SD mice treated with anti-miR-210-3p LNA or control LNA (Fig. 3.4S). These results
suggest that the application of anti-miR-210-3p LNA could be beneficial to rescue from obesity-induced

inflammation.

3.3 Discussion

Alteration of adipose tissue microenvironment (ATenv) is an important feature in obesity that is
characterized by the adipose tissue expansion along with the increased infiltration and activation of
immune cells, particularly macrophages. Compelling evidence shows that the obesity-associated
hypertrophic expansion of visceral adipocytes leads to the deprivation of oxygen resulting in adipose
tissue hypoxia. Moreover, adipose tissue hypoxia positively correlated with the increased rate of
necrotic adipocytes (crown-like structure) which, by secreting various chemoattractants and related

proteins, strongly influenced macrophage recruitment and its polarization towards a pro-inflammatory
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state in hypertrophic adipose tissue (Lee & Lee, 2014; Lorente-Cebrian et al., 2019; Strebovsky et al.,
2011; Surmi & Hasty, 2008).

Studies from the last decades majorly focussed on the role of either increased lipid level or deprived
oxygen tension on adipose tissue dysfunction and provide evidence that both of these phenomena
caused criminalable offense on the onset of adipose tissue inflammation that leads to insulin resistance
and T2D. In reality, both lipid burden and hypoxia coincided in obese conditions due to the
hypertrophied adipocytes and poor vasculature creating a unique pathophysiological ATenv. We also
noticed the coexistence of lipid burden and hypoxia in the vWAT of obese diabetic patients and mice
models. Therefore, we weighted both lipid and hypoxic insults on ATMs to understand their synergic
effect and the underlying mechanism of adipose tissue inflammation and insulin resistance. Increased
accumulation of ATMs in the VAT of diabetic patients or mice exhibited proinflammatory features
which coincided with the results of an in-vitro model of RAW264.7 macrophages co-stimulated with
HL. These findings distinctly depict that obesity-associated ATenv strongly correlated with ATMs
inflammation (Cifarelli et al., 2020; Ye, 2009; Zatterale et al., 2020).

Several recent studies have revealed that non-coding RNAs, particularly microRNAs (miRNAs), play
a key role in the regulation of inflammatory responses. To decipher the involvement of specific
miRNAs on macrophage inflammation in the obese ATenv, we first explored a GEO dataset of
miRNAs profile in ATMs-derived exosomes (ATM-Exo) isolated from the vVWAT of lean and obese
mice. Reanalysis of GEO dataset GSE97652 in the context of hypoxia gives six differentially expressed
miRNAs -miR-210-5p, miR-210-3p, miR-27a-5p, miR-27b-5p, miR-101b-5p, and miR-128-1-5p, out
of which miR-210-3p showed profound increase in the ATM-Exo of obese mice as compared to lean
one. This is also evident in the ATMs of obese diabetic patients and HFD fed mice of our study. This
observation intrigued us to examine the role of miR-210-3p in ATMs inflammation and insulin

resistance (Zheng et al., 2015).

During obesity, different immune cell types accumulate in adipose tissue, and among them,
macrophages are the most abundant in nature and constitute up to 40% of all cell types. Obesity-
associated inflamed adipose tissue is characterized by an increased ratio of M1 proinflammatory to M2
anti-inflammatory phenotypic state of ATMs which is considered as a major source of different pro-
inflammatory mediators responsible for adipocyte dysfunction and insulin resistance. Investigating the
involvement of miR-210-3p on macrophage polarization and inflammation, we used miR-210-3p
mimic and inhibitor transfected cells and treated without or with a hypoxic lipid environment. While
miR-210-3p mimic notably enhanced the M1 polarization with the secretion of pro-inflammatory
cytokines in the absence of any treatment; the miR-210-3p inhibitor rescues HL mediated M1
polarization and inflammation by favouring M2 polarization state with increased anti-inflammatory

cytokines. To investigate the molecular target of miR-210-3p in the regulation of macrophage
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inflammation, different miRNA analysis tools were employed. In searching for the putative target of
miR-210-3p, we have found suppressor of cytokine signalling-1 (SOCS1) is one of the targets of miR-
210-3p. The SCOS1 3'UTR luciferase assay confirmed that miR-210-3p directly binds at 3'UTR of
SCOS1. Since SOCSI is known to regulate the NF-kB inflammatory pathway by proteasomal
degradation of activated NF-xkB p65, we, therefore, compared the SOCS1 expression and NF-«xB
activation in the ATMs of diabetic patients and HFD mice. Pathophysiological obese ATenv stimulates
miR-210-3p expression in ATMs and promotes NF-kB inflammatory signalling by downregulating
SOCS1 expression. However, it will be interesting to see the impact of miR-210-3p on other cell types
of adipose tissue. A plethora of studies highlighted that inflamed adipose tissue microenvironment
negatively correlated with insulin sensitivity. HL treated RAW264.7 macrophages when co-cultured
with adipocytes, we observed a significant impairment of insulin-stimulated glucose uptake in
adipocytes, however, such effect was compromised when macrophages were transfected with miR-
210-3p inhibitor. All these observations encouraged us to evaluate the therapeutic potential of miR-
210-3p inhibitor on adipose tissue inflammation and insulin resistance in-vivo. Direct administration
of anti-miR-210-3p LNA into the VAT of HFD-induced diabetic mice exhibited a lower level of F4/80+
sorted ATMs which coincided with a lower level of CD80 and a higher level of CD206+ macrophage
phenotypic markers. Moreover, anti-miR-210-3p LNA delivery remarkably increased SOCS1 levels in
HFD mice which coincided with the attenuation of NF-kB activation as compared to control LNA-
treated HFD mice. As suppression of adipose tissue inflammation is known to be associated with
improvement of insulin sensitivity it will be interesting to investigate if ATM specific miR-210-3p
ablation can restore obesity induced insulin resistance. It suggests, an in-depth study will be required
to understand the role of ATM-derived miR-210-3p in improving adipocytes’ insulin sensitivity

(O’Connell et al., 2012; Snodgrass et al., 2016; Thomas & Apovian, 2017; Yin et al., 2009).

In conclusion, our study revealed that miR-210-3p plays a crucial role in ATM polarization and
inflammation under the influence of lipid-enriched hypoxic microenvironment of obese adipose tissue.
However, the inclusion of more sample sizes of patients will strengthen the results. Moreover, the use
of macrophage-specific miR-210-3p knockout and SOCS1 knock-in mouse models will provide firm
and compelling evidence about the vital role of miR-210-3p and SOCSI. Altogether these shreds of
evidence will authenticate and fortify the conclusive statement. Hence, targeted inhibition of miR-210-
3p could be beneficial for the management of obesity-induced adipose tissue inflammation in type 2

diabetic patients.
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3.4 Materials and Methods

3.4.1 Reagents and antibodies

All tissue culture materials were purchased from Life Technologies/Gibco, and Nunc, Grand Island,
NY; and Corning, NY. Description of all the antibodies including catalog numbers and the dilutions
used in different experiments presented in Table A. We purchased Dual-Luciferase Reporter Assay
System (cat. no. #E1910) from Promega, Madison, WI; Vectashield anti-fade mounting medium with
DAPI (cat. no. #H-1500) from Vector Laboratories, Burlingame, CA.; QuickChange Lightning Multi
Site-Directed Mutagenesis Kit (cat. no. #210515) from Agilent Technologies, Santa Clara, CA;
Glucose Uptake Cell-Based Assay Kit (cat. no. #600470) from Cayman, Ann Arbor, MI; mirVana™
miRNA Isolation Kit (cat. no. #AM1560), Lipofectamine™ LTX reagent with PLUS™ reagent (cat.
no. #15338100), Lipofectamine™ RNAiIMAX Transfection Reagent (cat. no. #13778-075), and NP40
Cell lysis buffer (cat. no. #FNN0021) from Invitrogen, Thermo-Scientific, Grand Island, NY;
Pierce™BCA Protein Assay Kit (cat. no. #23227), and Halt™ Protease and Phosphatase Inhibitor
Cocktail (cat. no. #78441) from Thermo Scientific, Waltham, MA, USA;Clarity™ Western ECL
Substrate (cat. no. #1705060), and iScript Reverse Transcription Supermix (cat. no. #1708891) from
Bio-Rad Laboratories, Hercules, CA; PVDF membranes (cat. no. #5481PVH00010) from Merck,
Darmstadt, Germany; PowerUp™ SYBR™ Green Master Mix (cat. no. #A25742) from Applied
Biosystems, Thermo-Scientific, Grand Island, NY; TagMan™ MicroRNA Reverse Transcription Kit
(Cat. no.: #4366596), TagMan™ Multiplex Master Mix (Cat. no.: #4461881) from Applied
Biosystems, Waltham, MA; We purchased miRIDIAN miRNA miRNAmmu-miR-210-3p mimic
(cat.no. #C-310570-05-0005, sequence: CUGUGCGUGUGACAGCGGCUGAaccession no.:
MIMATO0000658), miRIDIAN miRNA hairpin mimic negative control (cat. no. #CN-001000-01-05,
accession no.:.MIMAT0000039), miRIDIAN miRNA hsa-miR-210-3p hairpin inhibitor (cat. no. #IH-
310570-07-0005, sequence: GACACGCACACUGUCGCCGACU, accession no..MIMAT0000267),
and miRIDIAN miRNA hairpin inhibitor negative control (cat. no. #IN-001005-01-05, accession no.:
MIMATO0000039) from GE Dharmacon, Lafayette, CO. The miRNA specific primers for miR-210-3p
(cat. no.: #4427975; assay ID-000512), and U6 sn RNA (cat. no. #4427975; assay ID-001973) were
procured from Applied Biosystems, Foster City, CA. We have procured con siRNA(sc-37007) and
SOCS-1 siRNA(m) (sc-40997) from Santa Cruz Biotechnology, Inc. Image-iT™ Green Hypoxia
Reagent (cat. no. 114833) was procured from Invitrogen, Thermo-Scientific, Grand Island, NY.
Different gene-specific primers were procured from Integrated DNA Technologies, India, and the

sequence details are presented in Table B.
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3.4.2 Mice models and treatments

Wild-type C57BL/6J male mice aged 4-5 weeks and weighed 18-22 g were procured from the IISER
Mohali animal facility and kept in the NIPER Mohali animal house facility for 5-6 days in 12 light/dark
cycle at 23 + 2°C with relative humidity 55 = 5% and fed with normal pellet diet (standard diet, SD)
and water ad libitum. For the development of diet-induced obese diabetic model, C57BL/6J mice were
fed with high fat diet (HFD) pellets (D12492, Research Diet Inc., New Brunswick, NJ) having 60%
kcal of fat for 12 weeks. All other mice were fed with SD pellets that provide 10% kcal of fat for 12
weeks. All experimental animals have free access to sterilized water and food. The blood glucose level
has been measured regularly with Accu-Chek glucometer (Roche). Mice fed with HFD diet for 12
weeks were considered for anti-miR-210-3p LNA delivery. Briefly, mice were anaesthetized by low-
dose isoflurane inhalation as per standard recommendations. We then created a small incision on the
abdominal site and take out the omental fat pads from the abdominal cavity. A total of 100 nM
miRCURY LNA miRNA Power Inhibitor (anti)mmu-miR-210-3p (Gene Globe ID-Y104103147-DDA,
Qiagen, Germantown, MD) was injected in 5 different sites of each side of the abdominal omental fat
pad. 100 nM of miRCURY LNA Control Inhibitor (Gene Globe ID-Y100199006-ADA; Qiagen,
Germantown, MD) was injected similarly on the 5 different sites on each side of the abdominal omental
fat pad of the control HFD group. The skin layer was stitched carefully using Ethicon absorbable
surgical suture (Johnson & Johnson, USA). We determined glucose tolerance test (GTT) by measuring
blood glucose level before and after oral gavages of 1 g glucose/kg body weight at the indicated time
points. Similarly, insulin tolerance test (ITT) was performed by injecting 1 IU insulin/kg. Mice were
then sacrificed and omental adipose tissue was collected. For the FACS study, adipose tissue was
immediately processed for experiments. SD and HFD mice were administered with 250nM of Image
IT green dye/mice in the tail vein (intravenous) and after 2 hours of injection vWATSs were harvested
in a dark place. Immediately after collection, tissues were snap frozen in OCT (Leica Biosystems) for
cryosectioning and imaging. All animal experiments were performed following the guidelines
prescribed by and with the approval of the Institutional Animal Ethics Committee (IAEC) NIPER
Mohali, Punjab (Project no.: IAEC/19/37-extl).

3.4.3 Human subjects

A total of 13 men and 17 women have participated in this study. The study population was categorized
into two groups based on BMI and blood glucose level. Study subjects having BMI 18-25 kg m™ with
fasting blood glucose level <85 were considered as lean non-diabetic group (n=16) whereas patients
with BMI >30 kg m and fasting blood glucose level>120 were considered as an obese diabetic group
(n=14) as presented in the Table C. In this study, surgically dissected vVWAT samples were collected
from the patients who were admitted to the Dayanand Medical College & Hospital, Ludhiana, Punjab,

and underwent abdominal surgery. The study protocol for the use of human blood and tissue samples
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was approved by the Institute Ethics Committee (IEC), Dayanand Medical College & Hospital,
Ludhiana, Punjab (Protocol no.: DMCH/R&D/2021/64; IEC No.: 2021-658 ). We have obtained

written informed consent from all participants in this study.

3.4.4 Cell culture and treatments

RAW?264.7 macrophage, C2C12 myoblast cells were obtained from National Centre for Cell Science
(NCCS), Pune, India, and cultured in DMEM (Gibco™/Life Technologies, cat. no. #11995073)
supplemented with 10% FBS (Gibco™/Life Technologies, cat. no. #10082147) and 1% Penicillin-
Streptomycin Solution (Gibco™/Life Technologies, cat. no. #15140122) at 37°C in a humidified
atmosphere with 5% CO,. We have procured 3T3-L1 preadipocyte (Cat. no. CL-173) cell line from
ATCC and cultured it in ATCC-formulated Dulbecco's Modified Eagle's Medium (Cat. No. 30-2002),
supplemented with 10% Bovine Calf Serum (Cat. No. ATCC 30-2030) and 1% Penicillin-Streptomycin
Solution. To differentiate preadipocytes into mature adipocytes we followed a chemically-induced
differentiation protocol provided by ATCC. Briefly, Preadipocytes were seeded with a density of8 x10*
cells in each well of 6 well plates having preadipocyte expansion medium (contains DMEM, 10% BCS
and 1% Penicillin-Streptomycin) until it achieves 100% confluency. The media was changed after full
confluency and continued with preadipocyte expansion medium for another 48 hours. Now the existing
growth media was removed and differentiation media (consisting of DMEM, 10% FBS, 1.0 uM
Dexamethasone, 0.5 mM IBMX, 1.0 pg/mL Insulin) was added for 48 hours. The differentiation media
was replaced with adipocyte maintenance media (consisting of DMEM, 10% FBS, 1.0 ug/mL Insulin)
for 72 hours until visible lipid accumulation was observed. We incubated macrophages and other
mentioned cells with fixed concentration of palmitate (0.75mM) and were exposed to hypoxia
conditions (1% O, and 5% CO) for different time periods in the Heracell™ VIOS 160i incubator
(Thermo Scientific). We performed primary cell culture with adipose tissue macrophages(ATMs)
isolated from the vVWAT of lean and obese mice using BD FACS Aria Cell Sorter (Franklin Lakes,
New Jersey; USA). The ATMs were cultured in RPMI 1640 (Gibco™/ Life Technologies, cat. no.
#A1049101) supplemented with 10% FBS and 1% Penicillin-Streptomycin Solution at 37°C in a
humidified atmosphere with 5% CO,. The ATMs were used in different treatment conditions. All

treatments were given in serum and antibiotics-free media.

We have prepared 5S0mM Palmitate for the in-vitro treatment followed by Pal et al., 2012. Briefly,
135mg Palmitate was dissolved in 200yl of absolute alcohol and kept at room temperature for overnight
to evaporate excess ethanol. 10ml of DMEM containing 1% FBS and 0.2gm of BSA was added to the
palmitate and mixed well, followed by incubating at 60°C until the palmitate is dissolved completely.

We have filtered the using 0.4um filter before treating the cell.
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3.4.5 miR-210-3p mimic/inhibitor transfection

For transfection of miR-210-3p mimic/inhibitor and their respective control mimic/inhibitor,
Lipofectamine™RNAIMAX transfection reagent (Invitrogen) was used according to the
manufacturer’s protocol. Briefly, RAW264.7 macrophages were seeded (0.1x10° cells/well) in a 12-
well plate in an antibiotic-free complete growth medium for 24 h before transfection. For each well, 50
nM of miR-210-3p mimic/control mimic (miRIDIAN miRNA mmu-miR-210-3p mimic/miRIDIAN
miRNA hairpin mimic negative control) or 100 nM of miR-210-3p inhibitor/control inhibitor
(miRIDIAN miRNA mmu-miR-210-3p hairpin inhibitor/miRIDIAN miRNA hairpin inhibitor negative
control) and Lipofectamine RNAIMAX reagent was added separately into the Opti-MEM serum-free
medium (Thermo Scientific). Both these solutions were mixed and incubated for 5 min. The
transfection mixture was added to the cells containing complete growth medium and incubated for 48
h. After 48 h of transfection, cells were washed; fresh complete growth medium was added and used

for different treatments. Above mentioned culture and transfection

3.4.6 Transwell co-culture and glucose uptake assay

RAW264.7 macrophages (0.5x10° cells/well) were cultured on transwell cell culture insert (0.4-pum
pore size, Corning) transfected with control mimic/inhibitor or miR-210-3p mimic/inhibitor in absence
or presence of hypoxia (1% O) and lipid (palmitate, 0.75 mM) microenvironment for 16 h. On
termination of incubations, cells were washed several times with PBS to remove the residual palmitate,
if any, and placed on a 24 well plate containing 3T3-L1 adipocytes (0.5x10° cells/well) serum-starved
overnight in Kreb’s Ringer Bicarbonate Buffer (Cat. No. #TL-1097; HiMedia Laboratories, Mumbai,
India) supplemented with 0.2% BSA and incubated for 6 h. After 6 h, the 3T3-L1 adipocytes were
utilized for glucose uptake assay using a Glucose Uptake Cell-Based Assay Kit (Cayman Chemicals,
Item No. 600470) following the manufacturer’s instruction. Briefly, insulin (100 nM) was added to the
control and treated adipocytes and incubated for 30 min. Fluorescent labelled glucose analogue 2-
NBDG was added to each of the incubations for 10 min before the termination of the experiment. Cells
were then lysed and fluorescent intensity was measured by a Microplate Reader (BMG Labtech

Allmendgriin 8, 77799 Ortenberg, Germany).

3.4.7 Site directed mutagenesis

Wild-type SOCS1 3'-UTR plasmid construct was used as template for the generation of mutated
SOCS1 3'-UTR plasmids by using QuickChange Lightning Multi Site-Directed Mutagenesis Kit
following the manufacturer’s protocol. Primers used to generate the mutated SOCS1 3’-UTR plasmids
were designed with the help of Quik Change Primer Design Program available online at

www.agilent.com/genomics/qcpd. Primer sequences used for mutated SOCS1 3'-UTR plasmids

construction are listed in Table B
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3.4.8 SOCS1 3’-UTR luciferase reporter assay

RAW264.7 macrophages were co-transfected with 500 ng of Wild-type or mutated SOCS1 3'-UTR
plasmid and with either control mimic or miR-210-3p mimic, or control or miR-210-3p inhibitor (GE
Dharmacon, Lafayette, CO) using Lipofectamine LTX/Plus Reagent (Invitrogen) for 48h in a 24 well
plate. Cells were then treated without or with palmitate (0.75 mM) and 1% O,. On termination of
incubations, cells were lysed, and luciferase activity was determined using Dual Luciferase Reporter
Assay System (Promega) in GloMax Navigator Microplate Luminometer (Promega, Madison,
Wisconsin, USA) following the manufacturer’s protocol. Data normalization was achieved by co-
transfecting cells with Renilla plasmid (10 ng). Relative luciferase activity was plotted as a ratio of

firefly to Renilla luciferase activity.

3.4.9 Flow cytometry

Control and treated RAW264.7 macrophages and primary ATMs isolated from the vVWAT of humans
or mice were harvested, centrifuged at 350 g for 5 min, and washed with PBS. The cell pellets were re-
suspended in cell staining buffer (PBS containing 0.2% FBS and 0.09% NaNO3) and blocked with
TruStainFcX™ (Fcy blocker, mouse anti-CD16/32 antibody, BioLegend) for 15 min at 4°C. Cells were
then stained with fluorochrome-labelled primary antibodies against F4/80 (anti-mouse), CD80 (anti-
mouse/anti-human), CD206 (anti-mouse), CD64 (anti-human), CD163 (anti-human), CD11b (anti-
human/ anti-mouse) (BioLegend) for 1h on ice. Cells were then washed twice with chilled PBS, re-
suspended in cell staining buffer, and analysed in a Flow cytometer (BD Accuri C6+, BD Biosciences,

San Jose, CA) using FlowJo™ v10.6.1 software.

3.4.10 Immunocytochemistry

Cells grown on a sterile glass coverslip for overnight were incubated without or with palmitate (0.75
mM) and hypoxia (1% O>) condition for 16h. On termination of incubations, cells were washed in PBS
and fixed with ice-cold methanol for 5 min. For intracellular staining, cells were permeabilized with
0.25% TritonX-100 in PBS for 10 min at room temperature. Cells were blocked with 1% BSA in PBS
containing 0.1% Tween-20 for 30 min at room temperature and incubated with primary antibodies for
1 h in room temperature. Cells were then washed with ice-cold PBS thrice for 5 min each, followed by
the incubation with fluorescence-conjugated secondary antibodies for 1h room temperature in the dark.
Before mounting on a glass slide, cells were washed thrice for 5 min each with ice-cold PBS. Coverslips
were mounted onto glass slides using anti-fade mounting medium with DAPI. Cellular images were
captured by an inverted fluorescent microscope (Leica DMi8, Germany) and image analysis was
performed using LAS X software. Fluorescence intensity was quantified using ImagelJ software (1.48v,

NIH, USA).
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3.4.11 Immunofluorescence

Adipose tissue samples collected from human subjects and mice models immediately washed in sterile
saline and then placed in Neutral buffer formalin (10%) for overnight fixation at 4°C. After fixation,
adipose tissue were embedded in OCT (optimal cutting temperature compound, Sigma) and frozen in -
30°C to -60°C followed by cryosections using Cryotome (Leica CM 1860, Leica Biosystem, Wetzlar,
Germany). Immunostaining was performed on tissue cryosections using specific antibodies. Briefly,
tissue cryosections (10 pm) were placed in gelatin coated glass slides, fixed in ice-cold methanol for 5
min, blocked with 5% BSA containing blocking buffer, and incubated with specific primary antibodies
for 1h in room temperature. After washing, signal was visualized by subsequent incubation with
fluorescence-conjugated appropriate secondary antibodies and counter-stained with anti-fade mounting
medium containing DAPI. Images were captured by a fluorescence microscope (Leica DMi8,

Germany) and analysis was performed using LASX software.

3.4.12 Oil Red O staining

Fresh frozen adipose tissues (collected from patients and mice) were cryo-sectioned into 10uM thick
slices and placed in membrane coated glass slides. The sections were air dried for 45 min and fixed in
chilled formalin for 10 mins. Then fixed samples were air dried for 30 min in room temperature and
gently rinsed with distilled water. The sections were air dried and absolute propylene glycol added for
5 mins and stained with prewarmed oil red o solution for 10 min in 60°C oven. Then the section
containing slides were differentiated in 85% propylene glycol for 3 mins. The slides were rinsed 2 times
with distilled water and stained with haematoxylin for 30 sec. Then running tap water was used to wash
the stained sections and mounted using glycerine. Images were captured by a fluorescence microscope

(Leica DMi8, Germany) and analysis was performed using LASX software.

3.4.13 H&E staining and imaging

Cryo-sectioning of the tissues was performed, as previously described in this manuscript. These tissue
sections were placed on gelatin-coated glass slides and subjected to regressive staining using the
following steps: 100% alcohol was passed over the sections for 20 seconds, repeated twice; followed
by 90% alcohol for 20 seconds, repeated twice; 80% alcohol for 20 seconds; 70% alcohol for 20
seconds; 50% alcohol for 20 seconds. Subsequently, the slides were rinsed with dH2O for 1 minute.
Next, the slides were incubated in Hematoxylin (Harris) for 3 minutes, followed by a 2-minute water
rinse. The slides were then dipped three times in a 0.3% acetic acid-containing alcohol solution, rinsed
in dH20, and further dipped several times in 0.3% ammonium water, inducing bluing upon rinsing in
water. Afterward, the slides were passed through 80% alcohol for 20 seconds, followed by staining
with 2% Eosin for 30 seconds. To remove excess staining, the sections were washed with 95% alcohol

for 20 seconds, repeated twice, and then with 100% alcohol for 20 seconds. Finally, the slides
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underwent a few brief dips in xylene before mounting using DPX solution. Subsequently, the H&E

stained slides were examined using a Leica DMi8 microscope for imaging.

3.4.14 RNA extraction and Quantitative PCR

Total RNA was extracted from the cells by TRIzol (Invitrogen) and quantified using NanoDrop™ OneC
spectrophotometer (NanoDrop Technologies, Thermo Scientific, Waltham, MA USA). RNA (100 ng)
was then treated with DNase I and reverse transcribed using the iScript™ ¢cDNA Synthesis Kit (Bio-
Rad, Hercules, California, USA). We used PowerUp™ SYBR™ Green Master Mix (Applied
Biosystems) to perform real time quantitative PCR in QuantStudio™ 5 Real-Time PCR System
(Applied Biosystems, Waltham, Massachusetts, USA) using gene specific primers. microRNA was
isolated from the cells using mirVana™ miRNA Isolation Kit (Ambion, Thermo Scientific) following
manufacturer’s protocol and microRNA specific cDNA synthesis was performed using TagMan™
MicroRNA Reverse Transcription Kit (Applied Biosystems). TagMan™ Multiplex Master Mix
(Applied Biosystems) was used to perform real-time quantitative PCR for miRNA with specific
miRNA primers of miR-210-3p and U6 sn RNA (Applied Biosystems). mRNA and miRNA expression
were normalized to B-actin and U6 snRNA, respectively, following the “*CT method. Mean “Ct value

ZAACT

was transformed to relative expression or fold change by and average fold change value was

calculated.

3.4.15 Immunoblotting

Control and treated cells were lysed in NP40 cell lysis buffer (Invitrogen) supplemented with the Halt
protease and phosphatase inhibitor cocktail (Thermo Scientific), centrifuged at 13,0000 rpm for 10 min
at 4°C. Protein concentrations of cell lysates were determined by the BCA Protein Assay Kit (Pierce)
following manufactures’ guideline. Cell lysates (50 pg of protein) were resolved on 10% SDS—-PAGE
and transferred on to PVDF membranes (GE Healthcare Biosciences) with the help of Turbo Blotting
System (Bio-Rad Laboratories). Membranes were first blocked with 5% BSA in TBS (Tris-buffered
saline) buffer for 1h followed by the overnight incubation with primary antibodies in a rotating shaker
at 4°C. The membranes were then washed three times with TBST (TBS containing 0.1% Tween 20)
buffer for 10 min intervals and incubated with peroxidise conjugated specific secondary antibodies for
2 h at room temperature. Membranes were then washed three times with TBST for 10 min intervals
and subjected to Clarity™ Western ECL Substrate (Bio-Rad, Hercules, California, USA) incubation
for 5 min at room temperature. Protein bands were visualized in Chemidoc XRS+ System (Bio-Rad

Laboratories, Hercules, California, USA) using Image Lab Software.
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3.4.16 Enzyme-linked immunosorbent assay (ELISA)

We measured IL6 and TNF-a cytokine levels in the cell culture medium of control and treated cells
using mouse IL-6 (cat. no. #431307) and TNF- a (cat no. #430907) ELISA kits (BioLegend, San
Diego, CA) following manufacturer’s instructions. We measured insulin levels in the cell culture
medium of control and treated cells using mouse ELISA kits (Elabscience) following the

manufacturer’s instructions.

3.4.17 Fluorescence-activated cell sorting (FACS)

VWATs collected from human and mice were rinsed in sterile PBS, chopped into small pieces and then
digested in Hanks' Balanced Salt Solution containing collagenase type II (2 mg/ml), glucose (5.5 mM),
and 4% BSA (fatty acid-free) for 45 min at 37°C water bath shaker. The enzymatic activity was then
neutralized by the addition of serum and the digestion mixture was passed through a cell strainer (pore
size: 70 um).. The isolated cell suspension was subjected to centrifugation at 2000 rpm for 10 min. Cell
pellet was washed twice with ice-cold PBS and the cells were sorted for F4/80+ (anti-mouse) or CD68+

(anti-human) antibody for the collection of adipose tissue macrophages.

3.4.18 miRNA transcriptomic analysis

miRNA sequencing dataset of adipose tissue macrophage derived exosomes (ATM-Exos), obtained
from lean and obese mice (GSE97652, n=7 in each group) were downloaded from the Gene Expression
Omnibus database. miRNA-Seq reads were quality-assessed by ‘FastQC’ toolkit. Further, Illumina 3’
small RNA sequencing adapter was clipped by the® cutadapt’ tool from the sequencing libraries.
Trimmed short sequencing reads were subsequently aligned by ‘bowtie’ to the mouse reference genome
(GRCm38) using prebuilt genomic indices, downloaded from Illuminai Genomes collection site.
‘feature Counts’ from the Subread package was used to calculate per-miRNA count across all the
samples (43; 44). miRNA with very low read counts (i.e., sum of read counts < 5 across all samples)
were excluded from further analysis. DESeq2 package was employed to identify differentially
expressed miRNAs between obese vs lean conditions in R Bioconductor. miRNAs with
log2(foldchange) of 1.5 and FDR < 0.1 were considered as significant expression changes between
contrasting conditions. Volcano plot and boxplots of normalized read-counts for corresponding

miRNAs of specific interest were plotted using the‘ggplot2’ package in R.

3.4.19 Statistical analysis

All data analyses were performed using GraphPad Prism software (v.8.0; GraphPad Software, Inc., La
Jolla, CA). Data represented as mean = S.D. The student’s #-test or ANOVA (one way or two way)
were used to determine statistical significance, and the p-value indicated significance. A level of p<0.05

was considered significant.
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Obese adipose tissue macrophage-derived miR-210 disrupts

systemic insulin sensitivity by GLUT4 silencing

4.1 Background

Chronic obesity has emerged as a global epidemic of multifactorial poor health conditions with
increasing risk of various metabolic disorders, including insulin resistance (IR) and type 2 diabetes
(T2D) (Hruby & Hu, 2015). The obesity-associated systemic metabolic dysfunction influences cross-
talk between cells in adipose tissue microenvironment (ATenv) that critically regulates chronic low-
grade inflammation in adipose tissue (Grant & Dixit, 2015; Reilly & Saltiel, 2017). Despite extensive
research efforts, effective therapeutic interventions targeting obesity-related metabolic dysregulation

remain a pressing need.

Adipose tissue (AT) undergoes significant transformations during obesity, leading to the establishment
of a unique lipid-rich hypoxic ATenv (Goossens et al., 2011; Ye, 2009). The pathophysiological ATenv
accelerates infiltration of immune cells, particularly monocytes which differentiate into adipose tissue
macrophages (ATMs)and switch their polarity from anti-inflammatory to proinflammatory state that
aggravates AT inflammation and IR by activating NF-xB pathway (McNelis & Olefsky, 2014; Pal et
al., 2012). Recent single-cell transcriptomic dataset analyses revealed that ATMs of obese individuals
primarily comprised of Trem2 lipid-associated macrophages (LAMs), CD9" macrophages, and other
inflammatory macrophages (IMs) (Hill et al., 2018; Jaitin et al., 2019; Maniyadath et al., 2023) which
are causally linked with chronic AT inflammation and IR (Chakarov et al., 2022).

Extracellular vesicles (EVs)are small membrane-bound vesicles secreted by the cells comprising
exosomes (30-120 nm) and microvesicles (150-1000 nm), that transfer a wide range of biomolecules
to exert their biological functions (Jeppesen et al., 2023). Research in this direction demonstrated that
EVs play a key role in the exchange of organelles and various biomolecules including microRNAs
(miRNAs) (Crewe et al., 2018, 2021; Pan et al., 2019). A recent report showed that obese ATMs
secreted exosomes containing miR-155 contribute to insulin resistance by targeting PPARY, a regulator
of adipogenesis and an indirect participant in the insulin signaling pathway (Ying et al., 2017).
Moreover, adipose tissue-derived exosomal miR-27b is distributed in vascular endothelial cells which

potentiates atherogenesis by silencing PPARy (Tang et al., 2023).

To date, no evidence suggests that hypoxia-induced miRNAs (hypoxamiRs) originating from obese
ATMs could have the potential to directly target insulin signaling pathway molecules exerting systemic

insulin resistance. The present study elucidated, for the first time, the direct involvement of obese
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ATMs-derived hypoxia-induced miR-210-3p on the impairment of systemic insulin sensitivity and
glucose homeostasis through the silencing of an insulin signaling pathway molecule, GLUT4. ATMs
dispense miR-210-3p to neighboring adipocytes through EVs in the lipid-rich hypoxic ATenv, which
causes IR and glucose intolerance by targeting GLUT4 expression. We also found that miR-210-3p-
enriched EVs, secreted from obese ATMs, notably inhibit insulin sensitivity in the skeletal muscle cells
and hepatocytes via endocrine actions. Delivering Dicer-silenced miR-210-3p-enriched EVs is
sufficient to impair insulin sensitivity in lean mice. In addition, the delivery of anti-miR-210-3p LNA
into the VAT notably rescued obese HFD mice from systemic glucose intolerance and IR. Therefore,
specific inhibition of miR-210-3p in ATMs and/or the delivery of anti-miR-210-3p to insulin target
cells could serve as novel therapeutic approaches for the management of obese-induced insulin

resistance.

4.2 Results

4.2.1 Obese ATMs-derived extracellular vesicles (EVs) bestow miR-210-3p to adipocytes

To investigate the quantum of preadipocyte and macrophage populations in obese VWAT (VAT), we
have stained tissue sections with the F4/80 (macrophage marker) and Pref-1 (preadipocyte marker). An
increased accumulation of macrophages coincides with the reduction of preadipocyte pool in the VAT
of high-fat diet (HFD)-fed mice as compared to standard diet (StndD)-fed mice (Fig. 4.1A, B).
Reanalysis of the publicly available single nuclei sequencing dataset of VAT from lean and obese
human subjects as well as StndD and HFD mice (GSE176171) (Emont et al., 2022), revealed a
significant increase in adipose tissue macrophages (ATMs) both in the VAT samples of obese human
(Fig. 4.1C,D) and HFD mice (Fig. 4.1E,F). We recently reported that ATMs of obese VAT profoundly
expressed miR-210-3p (Patra et al., 2023). However, the specific action of miR-210-3p on adipocytes
in obese ATenv for inducing insulin resistance has not yet been explored. Comparative expression
analysis demonstrated significant high expression ofmiR-210-3p in macrophages compared to
preadipocytes and adipocytes, in the obese subject and HFD mice in contrast to lean control
counterparts. (Fig. 4.1R,S). A similar trend was also observed in 3T3-L1 preadipocytes, adipocytes,
and RAW264.7 macrophages when exposed to both hypoxia (H, 1% O;) and lipid (L, 0.75mM
Palmitate) for 16 hours (Fig. 4.1T). All these observations suggest that ATMs, which constitute a major
pool in the SVF, serve as a key cellular source of miR-210-3p.

To examine the fate of ATMs-derived miR-210-3p, we first explored the ATMs released extracellular
vesicles (EVs), as recent studies indicated that ATMs-derived EVs bolster systemic inflammation and
insulin resistance (Salomon et al., 2022; Ying et al., 2017). The TEM imaging of VAT from HFD (16
weeks) mice demonstrated massive amounts of EV's are present within the ATMs and also blebbed out

from its membrane (Fig. 4.1G). In addition, bone marrow-derived macrophages (BMDMs) exposed to
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hypoxia (H, 1% O) and lipid (L, 0.75 mM), similar to pathophysiological obese ATenv, increased the
size of EVs (216.8+54.3 nM) as compared to EVs of control untreated cells (175.1£51.8 nM) (Fig.
4.1H, I). The nanoparticle tracking analyses (NTA) demonstrated the average mode size was increased
along with the particle density (Fig. 4.1J). To comprehend the fusion of ATMs-derived EVs with
adipocytes in pathophysiological condition, we performed in-vitro coculture of Vibrant DiO-labelled
RAW264.1 macrophages on the upper boyden chamber (transwell 0.4uM membrane), with
differentiated 3T3-L1 adipocytes, in the lower chamber. Interestingly, fluorescence imaging of Oil red-
O-stained mature adipocytes showed notable uptake of Vibrant DiO dye indicating possible delivery
of macrophage-specific EVs to the adipocytes (Fig. 4.1K). However, to examine the carriage of miR-
210-3p from macrophage EVs to adipocytes, we cocultured FAM-conjugated miR-210-3p mimic
transfected macrophages with differentiated 3T3-L1 adipocytes. Fluorescence imaging displayed that
majority of Oil red-O-stained mature adipocytes were FAM positive (Fig. 4.1L) suggesting the delivery
of macrophage-originated miR-210-3p into the mature adipocytes via the EVs. The isolated EVs from
the cell culture supernatant, animal serum, and patient serum were confirmed by the presence of an EV-
specific marker CD63 with a profound increase in the abundance of EVs secreted from H+L treated
macrophages, and in the serum of HFD mice, and T2D patients (Fig.4.1M). For further validation, we
performed qPCR analyses of miR-210-3p level in the EVs. Our finding showed that miR-210-3p
expression was considerably increased by approximately 60-folds in the EVs of H+L treated
macrophages as compared to the control (Fig. 4.1N). Similarly, ex-vivo culture of ATMs, isolated from
the omental fat pads of StndD and HFD mice, demonstrated a significant upregulation of miR-210-3p
in the EVs of HFD mice (Fig. 4.10). Moreover, the magnitude of miR-210-3plevels in the systemic
circulation was detected by extracting serum EVs from StndD and HFD mice as well as from lean non-
diabetic and obese T2D patients. We found that miR-210-3p levels were upregulated by approximately
6.9 folds and 7.5 folds, respectively, in HFD mice and obese T2D patients (Fig. 4.1P, Q).
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Figure 4.1 |Obese ATMs-derived extracellular vesicles (EVs) bestow miR-210-3p to adipocytes

A and B: Representative immunofluorescence staining of F4/80 (red), Prefl (green) with DAPI
counterstaining in the VAT section of StndD and HFD-fed mice followed by confocal microscopy (A)
and quantification analyses (B) Scale bar, 50um. C and D: Uniform manifold approximation and
projection (UMAP) of adipose progenitor cells, mature adipocytes, and macrophages from the
reanalysis of publicly available sn-Seq data, sequenced all cells of VAT in healthy and obese
individuals followed by quantification of the projected cells. £ and F: Uniform manifold approximation
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and projection (UMAP), and relative fraction of adipose progenitor cells (ASPC), mature adipocytes,
and macrophages from the reanalysis of publicly available sn-Seq data, sequenced all cells of VAT in
StndD and HFD fed mice followed by quantification of the projected cells. G:Representative images
showing ATM (M®) releases extracellular vesicles (EVs) uptake by adipocytes (Adi) in the obese
ATenv. Transmission electron microscopic (TEM) images of VAT section of the obese HFD mice. H
and /: TEM images of EVs isolated from primary culture of mouse BMDM cotreated with H + L and
mean size quantification *P<0.05. J: Visualization of control and H + L treated macrophage released
EVs on NanoSight LM10 with size analysis. K: Representative image showing Vibrant DiO staining
in macrophages cocultured with 3T3-L1 adipocytes in transwell setup. Adipocytes were stained with
oil red o dye. Scale bar: 50um. L: Representative image showing FAM conjugated miR-210-3p mimic
transfected macrophages cocultured with 3T3-L1 adipocytes in transwell setup and fluorescence
imaging showed the presence of miR-210-3p-FAM to adipocyte. Adipocytes were stained with oil redo
dye. Scale bar: 50um. M: Western blot analysis showing CD63 expression in EVs isolated from control
and H + L co-incubated macrophage culture supernatant, EVs isolated from StndD or HFD mice serum,
and ND or DM patients’ serum. N: miR-210-3p expression analyses in control and H + L incubated
macrophage-secreted EVs (n=3) **P<0.01. O: qRT-PCR analyses of miR-210-3p in EVs isolated from
the primary culture of sorted F4/80+ ATMs from VAT of StndD and HFD mice (n=4) **P<0.01. P and
Q: miR-210-3p expression in the serum-containing EVs isolated from the serum of StnD and HFD mice
(P) (n=4) **P<0.01; ND and DM individuals (Q) (n=14-16) ****P<(0.0001. R: qRT-PCR analyses of
miR-210-3p in the preadipocytes, adipocytes, and macrophages isolated from VAT of ND and DM
human patients. (n= 14-16) ****P<0.000. S: qRT-PCR analyses of miR-210-3p in the preadipocytes,
adipocytes, and macrophages isolated from VAT of StndD and HFD mice. (n=4) **P<0.01,
***%P<(0.000. T: miR-210-3p expression in the in-vitro cultured murine preadipocyte, adipocyte, and
macrophage in the presence or absence of hypoxia and lipid. (n=3) *P<0.05; **P<0.01.

4.2.2 miR-210-3p enriched EVs of obese ATMs promote glucose intolerance and insulin
resistance

To examine the efficacy of miR-210-3p-enriched EVs on the impairment of insulin sensitivity; we
isolated EVs from the macrophages at normal (con) or lipid-rich hypoxic (H+L) condition, then
incubated them with the differentiated 3T3-L1 adipocytes for 16 hours. A significant reduction of
glucose uptake by adipocytes was noticed in response to EVs of H+L condition, as indicated by the 2-
NBDG uptake (Fig. 4.2A). Moreover, analysis of insulin signaling pathway molecules activation
revealed a considerable impairment of Akt activation and downregulation of GLUT4 expression in
adipocytes treated with miR-210-3p-enriched EVs of H+L condition (Fig. 4.2B). These results suggest
that EVs secreted from H-+L-treated macrophages which encompass higher levels of miR-210-3p
markedly attenuate insulin sensitivity in adipocytes. To further validate the role of macrophage-derived
miR-210-3p-loaded EVs on adipocytes' insulin action, miR-210-3p mimic or control mimic transfected
to macrophages and were co-cultured with adipocytes. We observed a notable declination of insulin-
stimulated 2-NBDG uptake and Akt activation in adipocytes in response to miR-210-3p mimic
transfected macrophages (Fig. 4.2C,D). Several reports evidenced EV miRNAs secreted from ATMs
govern the pathophysiology of metabolic diseases (Akbar et al., 2019; Wang et al., 2020; Ying et al.,
2017). Therefore, to nullify the involvement of other miRNA species in the EVs of miR-210-3p mimic
transfected macrophages on the induction of adipocytes insulin resistance, we first silenced DICER

expression in macrophages by siRNA followed by the delivery of control mimic LNA or miR-210-3p
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mimic LNA. The knockdown of DICER expression was validated by RT-qPCR analysis (Fig.4.2Q).
As expected, the gene expression analyses revealed a striking reduction of other miRNA’s like miR-
27a-3p, miR-126, and miR-200b-3p expression, with the increased level of miR-210-3p in the EVs
isolated from DICER-silenced miR-210-3p mimic transfected macrophages (Fig.4.2R,S). The EVs
isolated from these cells, when incubated with 3T3-L1 adipocytes, a significant reduction of 2-NBDG
uptake was observed (Fig. 4.2E) suggesting the potential role of macrophage EVs-associated miR-210-
3p in the impairment of insulin-stimulated glucose uptake in adipocytes. For in-vivo validation, we
have administered Vibrant DiO-labelled EVs isolated from the DICER-silenced macrophages
transfected with control or miR-210-3p mimic LNAs to C57BL/6 lean mice by intravenous injection
(2x10° particles/ mice) once every 3 days for 20 days (Fig. 4.2F). The considerable accumulation of
Vibrant Dio-labelled EVs (Fig. 4.2T) with a profound increase of miR-210-3p levels (Fig. 4.2U) was
noticed in the VAT, skeletal muscle, and liver, without any significant alteration of body mass (Fig.
4.2V). Moreover, mice administered with labelled EVs exhibited impaired glucose- and insulin-
tolerance indicated by GTT and ITT analyses (Fig. 4.2G,H). Furthermore, HOMA-IR analysis
demonstrated a significant induction of insulin resistance (Fig. 4.2I). At the molecular level,
impairment of Akt activation in the VAT, skeletal muscle, and liver of these mice as compared to the
control group (Fig. 4.2J,K). All these results indicate that in-vivo delivery of miR-210-3p-loaded EVs
promotes glucose intolerance and insulin resistance in mice through the paracrine and endocrine actions
on the VAT, skeletal muscle, and liver. For direct evidence, we administered the FAM-conjugated
control or miR-210-3p mimic LNAs in lean mice through intravenous injections for 6times in 21 days
with regular intervals (Fig. 4.2L). The localization and increased abundance of miR-210-3pwas noticed
in the VAT, skeletal muscle, and liver of labelled miR-210-3p LNA administered mice as indicated by
fluorescence imaging and RT-qPCR analysis, respectively with no change in body weight (Fig. 4.2W-
Y). Systemic glucose homeostasis and insulin responsiveness were disturbed in these mice (Fig.
4.2M,N). These observations are corroborated by the impairment of Akt activation in the VAT, skeletal
muscle, and liver (Fig. 4.20,P). Collectively, all these results suggest that macrophage EVs-derived

miR-210-3p localized into the insulin target tissue and confers systemic glucose intolerance and insulin

resistance.
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Figure 4.2 |miR-210-3p-enriched EVs of obese ATMs promote glucose intolerance and insulin

resistance

A: Insulin-stimulated glucose uptake was monitored by measuring 2-NBDG in the cell lysate of
adipocytes, incubated with control and H+L treated BMDM released EVs. (n=3) ****P<0.0001 B:

Western blot analysis showed Akt ser
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exposed with control or H+L incubated BMDM EVs. (n=3). C: Glucose uptake in the presence or
absence of insulin stimulation in Control mimic or miR-210-3p mimic transfected adipocytes. (n=3)
#x%P<(),001 D: Western blot analysis showed Akt ser*’* phosphorylation in adipocyte transfected with
Control mimic and miR-210-3p mimic. (n=3). E£: Glucose uptake assay under the presence or absence
of insulin stimulation in adipocytes cocultured with Dicer silenced macrophage transfected with
Control mimic or miR-210-3p mimic. (n=3) ****P<(.0001 F: Schematic diagram showing Standard
diet fed mice administered with EVs isolated from Dicer silenced macrophages transfected with control
mimic and miR-210-3p mimic via an intravenous route with a regular interval for 21 days before
termination of the experiment. G-I: Glucose tolerance test (GTT) (G), insulin tolerance test (ITT) (H),
and HOMA-IR (/) analyses were performed in StndD fed mice injected with EVs isolated from DICER
silenced macrophage transfected with control mimic LNA or miR-210-3p mimic LNA (n = 4).
*P<(0.05, **P<0.01, ns- non-significant. J and K: Western blot analyses of Akt ser*”* phosphorylation
(/) and quantification analyses (K) in VAT, Sk. M, and liver in StndD mice administered with EVs,
isolated from DICER silenced macrophage transfected with Control mimic LNA or miR-210-3p mimic
LNA via the intravenous route in regular intervals for 21 days; **P<0.01two-way ANOVA. L:
Schematic diagram showing control mimic or miR-210-3p mimic LNA intravenous injection in regular
intervals for 21 days in C57BL/6 mice. M and N: GTT (M) and ITT (N) were performed in StndD mice
administered with control mimic LNA and miR-210-3p mimic LNA with each 3-day interval in the
period of 21 days. (n=4). *P<0.05, **P<0.01, ***P<0.001, O and P: Western blot analyses Akt ser*”?
phosphorylation in VAT, Sk. M, and liver in StndD mice administered Control mimic LNA or miR-
210-3p mimic LNA via the intravenous route in regular intervals for 21 days and quantification analyses
(n=4). *P<0.05, **P<0.01, ns non-significant. Q: qRT-PCR analyses of DICER mRNA expression
in BMDMs transfected with control siRNA and DICER siRNA (n=3) *P<0.05. R,S: miR-27a-3p, miR-
126, miR-200b-3p and miR-210-3p expression in EVs isolated from DICER silenced BMDMs
transfected with control mimic and miR-210-3p. (n=3) *P<0.05, ***P<0.001, ****P<0.0001. T:
Fluorescence images of histological sections showing fluorochrome-labeled EVs presence in the AT,
liver, and Sk. M of StnD mice. Scale bar 50pum. U: miR-210-3p expression in VAT, Sk. M and Liver
in StnD mice administered with DICER silenced BMDMs EVs having control mimic or miR-210-3p
mimic LNA via the intravenous route in regular intervals for 21 days. (n=4) **P<0.01, ***P<0.001. V-
Body weight measurement in StnD mice administered with DICER silenced macrophage EVs having
control mimic or miR-210-3p mimic LNA via the intravenous route in regular intervals for 21 days.
(n=4). W Fluorescence images of histological sections showing miR-210-3p presence in VAT, liver,
and Sk. M of StnD mice administered FAM conjugated miR-210-3p mimic LNA encapsulated with
invivofectamine™ via the intravenous route in regular intervals for 21 days. Scale bar 50pum. X: miR-
210-3p expression in VAT, Sk. M, and Liver in StnD mice administered control mimic or miR-210-3p
mimic LNA via the intravenous route in regular intervals for 21 days. (n=4) *P<0.05, **P<0.01,
*#x%P<0.0001. Y: Body weight of mice administered FAM conjugated control mimic LNA and miR-
210-3p mimic LNA, measured before sacrifice. (n=4). Data are expressed as means = SD; n= 3-5

4.2.3 Suppression of GLUT4 expression by the direct interaction with miR-210-3p
potentiates insulin resistance

To investigate any direct role of miR-210-3p in the insulin signaling pathway, we have searched
putative binding sites of miR-210-3p on the insulin signaling pathway molecules. Analysis of
miRWALK database search revealed that there are multiple molecular targets of miR-210-3p including
GLUTH4, INSR, and [RS1/2/4 that display a critical seed sequence necessary for miR-210-3p binding
(Fig. 4.3A and 4.3P). We have validated this by transfecting the control mimic or miR-210-3p mimic
to adipocytes. miR-210-3p mimic significantly silenced the mRNA expression of GLUT4 as compared
to others (Fig. 4.3Q-R). Moreover, we also measured the minimum free energy (-31.5 kCal/mol)

required for the interaction between GLUT4 3'UTR and miR-210-3p by using RNAhybrid webserver
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(Fig. 4.3B). However, to confirm the binding of GLUT4 3'UTR with miR-210-3p, we performed the
GLUT4 3'UTR luciferase reporter assay. For this, wild-type (WT)- or mutated (MUT)- GLUT4 3'UTR
luciferase plasmid was co-transfected with control mimic or miR-210-3p mimic in 3T3-L1 adipocytes.
The miR-210-3p mimic delivery significantly repressed WT-GLUT4 3'UTR luciferase activity in
comparison to control mimic transfected cells, whereas, MUT-GLUT4 luciferase activity was not
compromised in miR-210-3p mimic transfected cells (Fig. 4.3C) indicating a direct involvement of
miR-210-3p binding with GLUT4 3'UTR. In addition, analysis of GLUT4 protein expression in miR-
210-3pmimic transfected 3T3-L1 cells demonstrated a considerable reduction of cellular GLUT4 level
as indicated by immunoblotting (Fig. 4.3D,E), and immunofluorescence analyses (Fig. 4.3F,G).
Moreover, the reduction of cellular GLUT4 level in response to miR-210-3p mimic transfection was
also observed in C2C12 skeletal muscle cells (Fig. 4.3H,I). Next, we administered miR-210-3p mimic
LNA in C57BL/6 lean mice to evaluate its efficacy on the impairment of GLUT4 expression in insulin
target tissue. A striking reduction of GLUT4 mRNA (Fig. 4.3J) and protein (Fig. 4.3K,L) expressions
were noticed in the VAT, skeletal muscle, and liver of miR-210-3p mimic LNA-administered mice.
Interestingly, H&E staining and GLUT4 immunostaining of the VAT displayed an increase in
adipocyte size which coincided with subdued expression of GLUT4 in miR-210-3p mimic LNA
administered mice (Fig. 4.3S-U). To decipher the role of macrophage-derived miR-210-3p-enriched
EVs in GLUT4 expression, we incubated adipocytes with EVs isolated from control or miR-210-3p
mimic transfected DICER-silenced macrophages. A significant reduction of GLUT4 protein expression
was observed in adipocytes when treated with the EVs of DICER-silenced miR-210-3p mimic
transfected BMDMs (Fig. 4.3V). Administration of these EVs in lean mice exhibited adipocyte
hypertrophy (Fig. 4.3W) with a notable decrease in GLUT4 gene and protein expression in the VAT,
skeletal muscle, and liver (Fig. 4.3M-O and X). Taken together, these results showed that GLUT4

serves as a key molecular target of miR-210-3p for affecting insulin sensitivity.
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Figure 4.3 | Suppression of GLUT4 expression by the direct interaction with miR-210-3p
potentiates insulin resistance.

A: Putative conserved binding site of GLUT4 with miR-210-3p and seed sequence of miR-210-3p and
mutated 3'-UTR sites of GLUT4. B: RNAhybrid webserver was used to predict the minimum free
energy (mfe) of GLUT4 mRNA transcripts and miRNA-210-3p interactions. C: Luciferase activity in
Preadipocytes co-transfected with WT or mutated (mutl and mut 2) GLUT4 plasmid constructs and
control mimic or miR-210-3p mimic (n = 3). **P<0.01. D, E: GLUT4 protein expression measured by
performing western blotting (D) and quantification analyses (E) in adipocytes transfected with control
mimic and miR-210-3p mimic (n=3). **P<0.01. F and G: GLUT4 immunofluorescence imaging (F)
and quantification analyses (G) in adipocytes transfected with control mimic and miR-210-3p mimic
(n=3). **P<0.01. H,I: Immunofluorescence image showing GLUT4 migration in murine myoblast cells
transfected with control mimic or miR-210-3p mimic (H) and Quantification analysis (I). **P<0.01,
ns= not significant. J-L: qRT-PCR analyses (J), Immunoblotting, and quantification analyses (K and
L) of GLUT4 mRNA expression in StndD mice injected with control mimic LNA or miR-210-3p mimic
LNA via the intravenous route in regular intervals for 21 days. (n=4).**P<0.01, ***P<0.001,
*x%P<0.0001. M-O: GLUT4 mRNA expression analyses (M), western blotting, and quantification
analyses (N and O) in VAT, Liver, and Sk.M in StndD mice administered with DICER silenced
macrophage exosomes having control mimic LNA or miR-210-3p mimic LNA via the intravenous
route in regular intervals for 21 days. (n=4) **P<0.01, ***P<0.001, ****P<0.0001. P: miRNA target
prediction analyses using miRWALK database search analysis showed miR-210-3p targets for insulin
signaling pathways molecule. Q: mRNA expression analyses of predicted targets INSR, GLUT4, IRS1,
IRS2, IRS4 in adipocytes transfected with control mimic or miR-210-3p mimic. (n=3) *P<0.05,
*#P<0.01. R: Western blotting analyses of IR-B, IRS1 in adipocytes transfected with control mimic or
miR-210-3p mimic. S-U: VAT sectioning, H&E staining followed by brightfield imaging (S), and
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immunofluorescence imaging staining GLUT4 (T) followed by quantification analyses of control
mimic LNA or miR-210-3p mimic LNA. Quantification analyses (U). V: Immunoblotting analyses and
quantification of GLUT4 in adipocytes treated with EVs from DICER silenced macrophages
transfected with control mimic or miR-210-3p mimic. Quantification analyses. W,X: VAT sectioning,
H&E staining followed by brightfield imaging, and immunofluorescence imaging staining GLUT4,
quantification analyses (W) in StnD mice administered with DICER silenced and control mimic or
miR-210-3p mimic co-transfected macrophage EVs administered via the intravenous route in regular
intervals. Quantification analyses. (X) (n=4) *P<0.05. Data are expressed as means + SD; n= 3-4.

4.2.4 miR-210-3p inhibition rescues DIO mice from glucose intolerance and insulin
resistance

To examine the therapeutic potential of anti-miR-210-3p in the rescue of obesity-induced impairment
of insulin resistance, we delivered invivofectamine™ encapsulated FAM-labeled control inhibitor LNA
or miR-210-3p inhibitor LNA at the VAT of HFD-fed obese mice for 14 days followed by the collection
of serum and tissue samples (Fig. 4.4A). The HFD mice exhibited a substantial decrease in GLUT4
expression and Akt activation in the VAT, skeletal muscle, and liver, as compared to StndD mice (Fig.
4.40-T). The validation of FAM-labeled miR-210-3p inhibitor LNA accumulation was observed in the
VAT, skeletal muscle, and liver (Fig. 4.4U) correspond to diminished adipocyte hypertrophy in the
VAT (Fig. 4.4B) of miR-210-3p inhibitor LNA administered HFD mice. Administration of miR-210-
3p inhibitor LNA in the VAT of HFD mice notably increased GLUT4 abundance and Akt activation in
the VAT (Fig. 4.4C-G), skeletal muscle (Fig. 4.4V,W), and liver(Fig. 4.4X,Y) which coincided with
a subdued level of miR-210-3p in the VWAT, ATM released EVs, and the circulatory EVs in serum(Fig.
4.4H-J) with a significant reduction in body weight (Fig. 4.4K). All these results suggest that miR-
210-3p inhibitor LNA-enriched EVs delivered to the VAT, skeletal muscle, and liver improve insulin
sensitivity. However, a future study is needed to establish the correlation of miR-210-3p inhibitor
delivery with the reduction of body mass in mice. Moreover, VAT-specific delivery of miR-210-3p
inhibitor significantly restored systemic glucose tolerance and insulin sensitivity in HFD mice as
indicated by GTT, ITT, and HOMA-IR analyses (Fig. 4.4L-N). Altogether,

our studies suggest miR-210-3p as a strong therapeutic candidate for the management of obesity-

induced insulin resistance and T2D.
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Figure 4.4 | Suppression of GLUT4 expression by the direct interaction with miR-210-3p
potentiates insulin resistance.

A: Schematic diagram showing control inhibitor LNA or miR-210 inhibitor LNA administration in the
VAT of 12 weeks HFD mice. B: H&E staining of VAT section of control inhibitor LNA or miR-210
inhibitor LNA treated HFD mice. C,D: Immunofluorescence imaging (C) and fluorescent intensity
quantification analyses (D) of GLUT4(cyan), pAkt ser*”*(green), and FABP4(red) in the VAT section
of control inhibitor LNA and miR-210 inhibitor administered HFD mice. (n=4) *P<0.05, ***P<0.001.
E,F: Western blotting (E) and quantification analyses (F) of GLUT4 and pAkt ser*” phosphorylation
in VAT of control inhibitor LNA or miR-210 inhibitor LNA treated HFD mice. G: GLUT4 mRNA
expression in VAT of control inhibitor LNA or miR-210 inhibitor LNA treated HFD mice. (n=4).
*#P<0.01. H: miR-210-3p expression in the VAT of control inhibitor LNA or miR-210 inhibitor LNA
mice. (n=4). **P<0.01. I: miR-210-3p expression in the ATM-derived EVs isolated from VAT of
control inhibitor or miR-210-3p inhibitor LNA administered HFD mice. (n=4) ****P<(0.0001. J: miR-
210-3p expression in the EVs isolated from the serum of Control inhibitor LNA and miR-210-3p
inhibitor LNA administered HFD mice(n = 4). *P<0.05. K: Body weight of HFD mice administered
with control inhibitor LNA or miR-210-3p inhibitor LNA in the VAT for 14 days. (n=4) *P<0.05,
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**P<0.01, ns= not significant. L-N: GTT (L), ITT (M), and HOMA-IR (N) analyses were performed
in HFD mice injected with control inhibitor LNA or miR-210 inhibitor LNA (n=4). *P<0.05, **P<0.01.
O-Q: Western blotting and quantification analyses showing GLUT4, phosphorylated AKT ser473, and
mRNA expression of GLUT4 in the VAT of StndD and HFD mice. (n=4) ***P<0.001; *P<0.01. R,S:
Western blotting showing GLUT4, phosphorylated AKT ser473, and mRNA expression of GLUT4 in
the liver of StndD and HFD mice. (n=4) **P<0.01.7: Western blotting and quantification analyses
showing GLUT4, phosphorylated AKT ser473 expression in the skeletal muscle of StndD and HFD
mice. (n=4) **P<(.01; **P<0.01. U: Fluorescence imaging showing the presence of FAM conjugated
miR-210-3p inhibitor in the histological sections of VAT, liver, and skeletal muscle from HFD mice
administered with miR-210-3p inhibitor. V,#: GLUT4 mRNA expression analyses (V)
Immunoblotting analyses of GLUT4 and pAkt ser473 phosphorylation (W) in skeletal muscle of
control inhibitor LNA or miR-210 inhibitor LNA treated HFD mice. (n=4). *P<0.05. X, Y: qRT-PCR
analyses of GLUT4 mRNA expression analyses (X) and Immunoblot analyses of GLUT4 and
phosphorylated AKT (Y) in the liver of control inhibitor or miR-210-3p inhibitor administered HFD
mice. **P<0.01.

4.3 Discussion

Obesity-induced pathophysiological ATenv influences massive ATM infiltration and alteration of their
polarity towards proinflammatory state influencing chronic AT inflammation and insulin resistance
(Boutens & Stienstra, 2016; Patra et al., 2023). It has been shown that the alteration of miRNAs profile
in the obese adipose tissue is critically associated with the modulation of insulin signaling pathway.
Reportedly, miR-128, miR-103, miR-107, and miR-26b were found to be altered in obese ATenv which
directly regulate the key signaling molecules of insulin signaling pathway and implement insulin
resistance (Arcidiacono et al., 2020; Trajkovski et al., 2011; Xu et al., 2015). Among these miRNAs,
miR-128 specifically increased in adipocytes under hypoxic conditions which attenuates adipocytes
insulin sensitivity by the suppression of insulin receptor (INSR) expression (Arcidiacono et al., 2020).
These studies primarily focus on adipose tissue biology and its insulin sensitivity, however, the
participation of these miRNAs in the different insulin-responsive cells and systemic insulin resistance

has not been explored.

The miRNAs are often packaged and delivered in many organs through extracellular vesicles (EVs)
(Gyorgy et al., 2015; Jeppesen et al., 2023). ATMs secrete varied sizes of EVs, including exomeres,
exosomes, and microvesicles that contribute to adipose tissue dysfunction(Huang & Xu, 2021; Wang
et al., 2020; Ying et al., 2017). Recently it has been shown that lean insulin-sensitive mice readily
develop systemic insulin resistance and glucose intolerance when treated with ATMs-derived
exosomes (Exos) from obese mice, whereas, the opposite effect was observed in obese insulin-resistant
mice with improved insulin sensitivity when administered to ATMs-derived Exos (Ying et al., 2017,
2021). Analysis of ATMs-derived Exos from obese mice revealed that miR-155 is among the major
differentially expressed miRNAs, responsible for the promotion of glucose intolerance through the
suppression of PPARY(Ying et al., 2017). The role of pathophysiologic lipid-rich and hypoxic ATenv
on the cross-talk between ATMs and neighboring adipocytes with the specific involvement of ATMs-
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derived hypoxamiR-enriched EVs has not yet been explored. Also, specific miRNA-enriched EVs that
could directly target insulin signaling pathway molecules have not been revealed. In our previous study,
we identified that miR-210-3p level has been greatly increased in the ATMs of obese mice that critically
regulate inflammation by targeting the SOCS1-NF-kB pathway (Patra et al., 2023). In this study, we
have shown that obesity-induced lipid-enriched hypoxic ATenv navigates the pathogenesis of insulin
resistance and glucose intolerance by inducing ATMs to release and transfer miR-210-3p-loaded EVs
to insulin target cells such as adipocytes, skeletal muscle cells, and hepatocytes through paracrine and
endocrine actions. EVs isolated from the serum of obese T2D patients and HFD mice are highly

enriched with miR-210-3p as compared to the lean non-diabetic subject or StndD mice.

Examining the exclusive role of miR-210-3p in the ATMs-derived EVs of obese T2D mice on the
suppression of insulin signaling, we have performed many experiments which evidenced EVs isolated
from miR-210-3p transfected DICER-silenced BMDMs when administrated to StndD mice, it promotes
glucose intolerance and insulin insensitivity in them by reducing GLUT4 expression and Akt activation
in the VAT, skeletal muscle, and liver. This observation nullifies the involvement of other ATMs-
derived EV-borne miRNAs in obesity-induced insulin resistance. However, to investigate the direct
effect of miR-210-3p in regulating cellular insulin sensitivity, glucose uptake was monitored in
adipocytes transfected with the miR-210-3p mimics. A significant loss of insulin-stimulated glucose
uptake in adipocytes was noticed in response to miR-210-3p mimic delivery clarifying the direct
participation of miR-210-3p on insulin resistance. Following bioinformatic database search analyses,
in-vitro cell culture experiment with 3T3-L1 adipocytes, transfected with miR-210-3p mimic, showed
down expression of INSR, and GLUT4 mRNAs, which involved in insulin-signaling pathway (Saltiel,
2021), suggesting miR-210-3p might directly target multiple molecules of the insulin-signaling
pathway, but extensive studies required to prove it. Since miR-210-3p has higher efficiency in silencing
the GLUT4 molecule, we performed luciferase assay that evidenced miR-210-3p directly bound to the
3'UTR of GLUT4 mRNA and silenced their expression in adipocytes, skeletal muscle cells, and
hepatocytes, thus lowering cellular insulin responsiveness and glucose uptake. Moreover, delivery of
lipid nanoparticle (invivofectamine)-encapsulated miR-210-3p LNA in lean mice notably augments
metabolic dysfunction as indicated by the impairment of glucose- and insulin-tolerance test, which,
coupled with the significant loss of GLUT4 expression and Akt activation in the VAT, skeletal muscle,
and liver. This study revealed a novel action of obese ATM-derived EV-loadedmiR-210-3p in
contributing to insulin resistance in lean mice, which potentially links with glucose intolerance.
Intervention study was performed to assess the therapeutic potential of anti-miR-210-3p (miR-210-3p
inhibitor LNA) by delivering it to the VAT of HFD mice, and to our surprise, we found that anti-miR-
210-3p administration conducive to the amelioration of metabolic health with improved glucose

tolerance and insulin sensitivity. Anti-miR-210-3p administered mice depict enhanced GLUT4
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expression and Akt activation not only in the VAT (distant from the injection site) but also in the liver
and skeletal muscle. Thus, miR-210-3p inhibition in the VAT may be a potent therapeutic strategy to
combat obesity-induced systemic glucose intolerance and insulin resistance. However, further studies
on ATM-specific miR-210-3p deficient animal models will provide direct evidence of miR-210-3p role
in the understanding of disease progression and therefore it could be considered a limiting point of this

study.

In summary, our findings demonstrated that ATMs-secreted miR-210-3p-enriched EVs from obese
mice have the potential to induce systemic glucose intolerance and insulin resistance in lean mice by
directly hindering insulin signaling pathway. In contrast, the VAT-specific delivery of anti-miR-210-
3p LNA rescues obese HFD mice from the pathophysiological systemic glucose intolerance state by
improving insulin sensitivity in target tissues. Thus, our study posits anti-miR-210-3p as a novel

therapeutic candidate for managing insulin resistance and T2D.

4.4 Materials and Methods

4.4.1 Reagents and antibodies

All tissue culture materials were purchased from Life Technologies/Gibco, Nunc; Grand Island, NY;
and Corning, NY. Description of all the antibodies including catalogue numbers, and the dilutions used
in different experiments was given in Table A. We purchased Firefly Luciferase Reporter Assay
System (cat. no. #£1500) from Promega, Madison, WI; QuickChange Lightning Multi Site-Directed
Mutagenesis Kit (cat. no. #210515) from Agilent Technologies, Santa Clara, CA; Xbal (cat. no.
R0O1458S) and Sall (cat. no. R3138S) restriction enzymes, T4 DNA Ligase enzyme (cat. no. M0202S)
were procured from NEB, Ipswich, MA, USA. EV isolation kit from cell culture media and serum
(ExoQuick-TC ULTRA and ExoQuick ULTRA respectively) were purchased from System
Biosciences, Embarcadero Way Palo Alto, CA; 5> FAM conjugated miRCURY miR-210-3p mimic
LNA (GeneGlobe ID: YM00470861-AGB; cat.no. 339174; 5'CUGUGCGUGUGACAGCGGCUGA),
miRCURY control mimic LNA (GeneGlobe ID: YMO00479902-AGA; cat. no. 339174,
5’UCACCGGGUGUAAAUCAGCUUG),miRCURY miR-210-3p mimic LNA (GeneGlobe ID:
YMO00470861-AGA, cat. no. 339174), 3° FAM conjugated mmu-miR-210-3p miRCURY LNA miRNA
Inhibitor (GeneGlobe ID: YI04103147-DDC; catalog no. 339131), and miRCURY LNA miRNA
Inhibitor Control (GeneGlobe ID: YI00199006-DDA; cat no. 339136) were procured from QIAGEN,
Germantown, MD. The miRNA specific primers for miR-210-3p (cat. no.: #4427975; assay ID-
000512), miR-200b-3p (cat. no.: #4427975; assay ID-002251), miR-27a-3p (cat. no.: #4427975; assay
ID-000408), miR-126 (cat. no0.:4427975 #; assay ID-000451), and U6 snRNA (cat. no.: #4427975;
assay ID-001973) were procured from Applied Biosystems, Foster City, CA. Different gene-specific
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primers were procured from Integrated DNA Technologies, India, and the sequence details were

presented in Table B.

4.4.2 Mice models and treatments

Wild-type C57BL/6J male mice were considered for generating diet-induced obese mice model as
described in Section 3.4.2. We have evaluated the role of miR-210-3p on the development of insulin
resistance by administering nanoparticle encapsulated control mimic or FAM conjugated miR-210-3p
mimic (2.5mg/kg bw) in tail-vein of lean StndD-fed mice for 6 times in the span of 21 days. The dose
for each injection was Snmole of mimic/mice. In the termination of experiments, we harvested VAT,
liver, and skeletal muscle to visualize the presence of fluorescent conjugated mimic.

To decipher the role miR-210-3p loaded EVs of 8 weeks aged C57BL/6J mice fed with Standard-diet
were intravenously administered with BMDM s derived extracellular vesicles (2 x 10° EVs per animal)
particles with an interval of 3 days for 21 days (total 6 times). To isolate EVs BMDMs were co-
transfected with Dicer siRNA and control mimic or Dicer siRNA and miR-210-3p mimic followed by
the collection of conditioned media and EVs isolation. To monitor the in-vivo trafficking of EVs,
BMDMs were stained with Vibrant DiO (Invitrogen) prior to EVs isolation. Fluorescent-labeled EVs
were isolated, purified, and administered through tail-vein injection in mice. The confirmation was
done by taking out biopsies of VAT, Liver, and skeletal muscles.

We measured the body weight of the animals on a regular basis and determined the glucose tolerance
test (GTT) by measuring blood glucose levels before and after oral gavages of 1 g glucose/kg bw at the
indicated time points before the termination of all of the animal experiments. Similarly, insulin
tolerance test (ITT) was performed by injecting 1 IU insulin/kg bw. For histochemistry analyses, a
small portion of harvested tissues were freshly frozen followed by cryosectioning.

All animal experiments were performed following the guidelines prescribed by and with the approval

of the Institutional Animal Ethics Committee (IAEC) NIPER Mohali, Punjab.

4.4.3 Human subjects
As described in Section 3.4.3
4.4.4 Cell culture and treatments

3T3-L1 cells procured from ATCC (cat. no. ATCCL-173), were cultured in growth medium,
containing DMEM (Gibco™/Life Technologies, cat. no. #11995073) supplemented with 10% BCS
(ATCC; cat. no. ATCC30-2030) and 1% Penicillin-Streptomycin Solution (Gibco™/Life
Technologies, cat. no. #15140122). 3T3-L1 preadipocytes were differentiated into adipocytes
following chemically induced differentiation protocol of ATCC, such as medium containing DMEM

with high glucose, HI- FBS, 1.0 uM Dexamethasone, 0.5 mM IBMX, and 1.0 pg/mL Insulin were
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added upon full confluency. Later on, differentiation medium replaced by Adipocyte maintenance
medium containing DMEM with high glucose, 10% HI- FBS, and 1.0 pg/mL Insulin. HepG2,
hepatocyte cells were procured from NCCS, Pune, India and cultured in Minimum Essential Medium
(ATCC, Cat. No. 30-2003), supplemented with 10% HI-FBS (Gibco™/Life Technologies, cat. no.
#10082147) and 1% Penicillin-Streptomycin Solution (Gibco™/Life Technologies, cat. no.
#15140122). C2C12 myoblasts cells were procured from ATCC, and cultured in Dulbecco's Modified
Eagle's Medium (Catalog No. 30-2002), supplemented with 10% HI-FBS (Gibco™/Life Technologies,
cat. no. #10082147) and 1% Penicillin-Streptomycin Solution (Gibco™/Life Technologies, cat. no.
#15140122). RAW264.7 macrophage cells were obtained from National Centre for Cell Science
(NCCS), Pune, India, and cultured in DMEM (Gibco™/Life Technologies, cat. no. #11995073)
supplemented with 10% FBS (Gibco™/Life Technologies, cat. no. #10082147) and 1% Penicillin-
Streptomycin Solution (Gibco™/Life Technologies, cat. no. #15140122) at 37°C in humidified
atmosphere with 5% CO,. We incubated RAW264.7macrophages with fixed concentration of palmitate
(0.75mM) and exposed them to hypoxia condition (1% O, and 5% CQO,) for different time periods in
the Heracell™ VIOS 160i incubator (Thermo Scientific).

To culture bone marrow-derived macrophages (BMDMs), we surgically removed the femur and tibia
from 8-10 weeks C57BL/6J mice in a sterile environment and flushed out bone marrow cells, and
differentiated into BMDM following literature (Toda et al., 2021). Briefly, epiphyses from bone
marrow were removed and were gently washed with 2 ml of PBS, 2-3 times. The bone marrow cells
were collected in a 50 ml tube followed by centrifuge at 200xg for 5 mins at 4°C. Cell pellets were
resuspended with chilled RBC lysis solution for 5 mins followed by centrifuge at 200xg for 5 mins at
4°C. The BM cell pellet was further resuspended in a growth media (DMEM high glucose with 10%
HI-FBS, 1% Pen-Strep) containing 1ng/ml mouse M-CSF1 recombinant protein (Gibco, cat. no.
PMC2044) and passed through a 100uM sterile cell strainer to remove debris and macroparticles. Cells
were seeded in a 6-well plate with 0.5 x 10° cells per well and 3 x 10° cells in 100 mm dish, cultured
for 6 days prior to further experiments.

We cultured adipose tissue macrophages (F4/80+), sorted from the stromal vascular fraction (SVF),
which was isolated from the vVWAT of lean and obese mice following Collagenase I digestion. The
sorting of macrophages was performed in BD FACS Aria Cell Sorter (Franklin Lakes, New Jersey;
USA). The macrophages were cultured in RPMI 1640 (Gibco™/ Life Technologies, cat. no.
#A1049101) supplemented with 10% FBS and 1% Penicillin-Streptomycin Solution at 37°C in a
humidified atmosphere with 5% CO, for prior to isolation of EVs released from these cells. All
treatments were given in serum and antibiotics-free media and EVs isolation from these cultures was
performed in cells having fresh serum and antibiotics-free media, changed at least 16 hours prior to

termination of the experiment.
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4.4.5 Extracellular vesicle experiments

Isolation and Characterization The macrophage (BMDMs or RAW264.7) cultured media was collected
for Extracellular vesicle isolation. After 48 hours of transfection experiments, the complete media was
replaced with serum and antibiotics-free media and kept for 16 hours for EVs isolation using EV
isolation kit (ExoQuick-TC ULTRA). Prior to initiating isolation process, the conditioned media were
centrifuged at 3000x g for 15 minutes and the supernatant was transferred to a fresh tube to remove
cells and debris. We have isolated EVs from serum samples of both humans and mice using the

ExoQuick ULTRA kit following manufacturer’s protocol.

Nanoparticle Tracking Analyses

After isolation and purification of EVs, it was subjected to concentration and size analyses using

Nanosight LM 10 NTA analyses these vesicles using (Malvern Instruments, Westborough, MA).

Transmission Electron Microscopy

We measured the size of EVs by performing Transmission Electron Microscopy. Briefly, the purified
EVs were fixed using 2% paraformaldehyde for 5 minutes at room temperature. 5-7ul of exosomal
suspension was loaded onto the carbon-coated copper grid and incubated for 1 min, followed by
staining using 2% of uranyl acetate solution on the surface of the EM grid by syringe. The excess
staining solution was removed using filter paper & rinsed the grid with a drop of water & then the grid
was subjected to drying for 30 mins & then examined by using transmission electron microscopy

(Model TF-20), FEI, at NIPER, S.A.S Nagar, Punjab.

RNA and Protein isolation from EVs

EVs isolated from cell culture media or serum with a particle number of 3 x10°— 5 x 10° were
considered for miRNA isolation and 1x10” — 1x10® EVs were considered for protein isolation using
total exosome RNA and protein isolation kit (Invitrogen cat. no. 4478545) following manufacturers

protocol.

4.4.6 Transmission Electron microscopy of Tissue sections

The experiment was performed following the protocol reported earlier (Pant et al., 2023). Briefly, a
small portion of adipose tissue was subjected to fixation using 2.5% phosphate-buffered glutaraldehyde
for at least 1 hr at room temperature, followed by post-fixation using 1% osmium tetraoxide for 1hr.
The samples are subsequently washed using phosphate buffer saline to remove the traces of osmium
tetraoxide. The samples were dehydrated in ethanol, followed by propylene oxide, and then embedded

in epoxy resin. The samples were sectioned using the glass knife and contrast stained using 4% uranyl
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acetate. These thin sections were placed on the copper grid & then were examined by using transmission

electron microscopy (Model TF-20), FEI, at NIPER, S.A.S Nagar, Punjab, India.
4.4.7 miR-210-3p mimic transfection: As described in section 3.4.5

4.4.8 Transwell co-culture experiment: As described in section 3.4.6. Here, Macrophages were
seeded on the trans-well culture insert and stained with Vibrant DiO (Invitrogen) for 24 hours followed
by changing media and transfer to a new well having mature adipocyte. The cells in this co-culture
setup have been co-exposed to a hypoxic environment along with lipid induction for 16 hours and were

considered for microscopy.
4.4.9 Glucose uptake assay: As described in section 3.4.6

4.4.10 Cloning of GLUT4 3°’UTR

The GLUT4 3°’UTR region was PCR amplified from the genomic DNA of human PBMC using specific
cloning primers. The cloning primers were designed using the Takara Bio cloning primer design tool

(https://www.takarabio.com/learning-centers/cloning/primer-design-and-other-tools)  for  targeted

amplification of GLUT4 3’UTR region flanked by Xbal and Sall restriction sites. The forward primer
contained the Xbal site and the reverse primer contained the Sall site and the sequence details are
provided in Table B. The PCR amplification of the GLUT4 3’UTR region was performed with a
melting temperature (Tm) of 70°C. After 35 cycles of PCR reaction, we confirmed the presence of a
band of approximately 1.35 kb in agarose gel electrophoresis that specifies targeted amplification
GLUT4 3’UTR region. The target band representing the GLUT4 3’UTR region was subjected to gel
purification using the GeneJET Gel Extraction Kit following the manufacturer's instructions. For the
construction of the GLUT4 3’UTR-luciferase plasmid, we used pGL3-Myb-3’UTR-luciferase vector
(cat. no. #25798, Addgene) (Navarro et al., 2009) as the backbone. We performed restriction digestion
of the pGL3-Myb-3’UTR-luciferase vector using Xbal and Sall enzymes for the removal of the Myb-
3’UTR region from the vector. For this, 1 pg plasmid was digested by 20 units of each restriction
enzyme and incubated for 45 minutes at room temperature followed by the heat-inactivation at 65°C
for 15 mins. The digested reaction mixture was run on 0.8% agarose gel electrophoresis and the target
band representing pGL3-luciferase plasmid was subjected to gel extraction. The concentration of the
purified plasmid was measured and used for the ligation with purified GLUT4 3’UTR region flanked
by Xbal and Sall sites for creating GLUT4 3’UTR-luciferase plasmid. For ligation, 100 ng of the
purified pGL3-luciferase plasmid was incubated with 74.2 ng of the purified GLUT4 3’UTR region in
the presence of T4 DNA ligase at room temperature for 15 mins following manufacturers’ protocol.
The ratio of insert to vector DNA was maintained at 3:1, as calculated using the NEBio Calculator.

Subsequently, the ligation mixture was transformed into DH5a competent cells and plated on agar
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plates containing ampicillin (50 pg/ml). After transformation, single colonies were picked and
inoculated in LB Broth for 6-8 h at 37°C for plasmid amplification. Plasmids were then isolated for

further experiments.

4.4.11 Site directed mutagenesis

Wild-type GLUT4 3’-UTR plasmid construct was used as template for the generation of mutated
GLUT4 3’-UTR plasmids by using QuickChange Lightning Multi Site-Directed Mutagenesis Kit
following manufacture’s protocol. Primers used to generate the mutated GLUT4 3'-UTR plasmids were
designed with the help of QuikChange Primer Design Program available online at

www.agilent.com/genomics/qcpd. Primer sequences used for mutated GLUT41 3'-UTR plasmids

construction are listed in Table B.

4.4.12 GLUT4 3’-UTR luciferase reporter assay

3T3-L1 adipocytes were co-transfected with 500 ng of Wild-type or mutated GLUT4 3'-UTR plasmid
and with either control mimic or miR-210-3p mimic (Dharmacon, Lafayette, CO) using Lipofectamine
LTX/Plus Reagent (Invitrogen) for 48h in a 24 well plate. Upon termination of treatment, adipocytes
were lysed, and luciferase activity was determined using Luciferase Reporter Assay System (Promega)
in GloMax Navigator Microplate Luminometer (Promega, Madison, Wisconsin, USA) following the

manufacturer’s protocol.
4.4.13 Immunocytochemistry: As described in section 3.4.10
4.4.14 Oil-red O staining: As described in section 3.4.12

4.4.15 Immunostaining and Confocal microscopy

Adipose tissue samples collected from human subjects and mice models were immediately washed in
sterile saline and then placed in Neutral buffer formalin (10%) for overnight fixation at 4°C. After
fixation, adipose tissues were passed through increasing concentration of sucrose solution (10%, 15%,
20%) followed by embedded in OCT (optimal cutting temperature compound, Sigma) and frozen at -
60°C followed by cryosections using Cryotome with internal temperature less than -25°C (Leica CM
1860, Leica Biosystem, Wetzlar, Germany). Immunostaining was performed on tissue cryosections
using specific antibodies. Briefly, tissue cryosections (10 um) were placed in gelatin-coated glass
slides, fixed in ice-cold methanol for 5 min, blocked with 5% BSA containing blocking buffer, and
incubated with specific primary antibodies for 1 h at room temperature. After washing, signal was
visualized by subsequent incubation with fluorescence-conjugated appropriate secondary antibodies
and counter-stained with anti-fade mounting medium containing DAPI. Images were captured by a

Confocal microscope (LSM 880 Carl Zeiss, Germany) and analysis was performed using Zen software.
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4.4.16 H&E staining and imaging: As described in section 3.4.13

4.4.17 RNA extraction and Quantitative PCR: As described in section 3.4.14

4.4.18 Immunoblotting: As described in section 3.4.15

4.4.19 Enzyme-linked immunosorbent assay (ELISA): As described in section 3.4.16
4.4.20 Flow cytometry: As described in section 3.4.9

4.4.21 Reanalyses of publicly available snSeq dataset

Human white adipose tissue single cell dataset was used for the analysis (Emont et al., 2022). The RDS
file obtained by the authors was loaded into R, processed using Seurat package (Emont et al., 2022).
We considered the following criteria to filter the cells: firstly cells originated from OAT tissue only,
second being BMI as defining criteria of obese condition (lean: BMI <25 and obese: BMI >30), and
thirdly, selected only ASPC, adipocytes, and macrophage cells. Seurat was used to visualize the UMAP
projection of the cells and split by obese condition. Additionally, we calculated the proportion of each
of the three cell types (ASPC, adipocytes, macrophages) for lean and obese conditions and all the OAT
samples. For the mouse dataset (Emont et al., 2022) objects were directly imported in R and handled
using Seurat. Mouse dataset was filtered to contain only three cell types, ASPC, adipocyte, and
macrophages We calculated the cell proportion of each cell type obtained from HFD and Chow
(projected as ‘StndD’) diet-fed mouse.

4.4.22 Statistical analyses: As described in section 3.4.19
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Obese adipose tissue microenvironment-induced nuclear FetuinA

that promotes adipocyte senescence

5.1 Background

Obesity is an aetiological factor considered the hallmark of severe metabolic disorders including insulin
resistance and T2D (B. B. Kahn & Flier, 2000; S. E. Kahn et al., 2006). The colossal expansion of
adipose tissue, mainly due to the hypertrophic growth of adipocytes, in obese subjects has coincided
with the hypoxic and lipid-enriched microenvironment of adipose tissue (ATenv) which is causally
linked to the remodeling and dysfunction of adipocytes (Fuster et al., 2016; Hosogai et al., 2007; Seo
et al., 2019). Previous reports indicated that increased circulatory levels of fetuin-A (also known as
alpha-2 heremans schmid glycoprotein, AHSG), a member of the cystatin superfamily of cysteine
protease inhibitors, positively correlated with obesity progression (Trepanowski et al., 2015) and
obesity-related metabolic disorders including T2D (Kroger et al., 2018). Although fetuin-A (FetA) is
mainly secreted from hepatocytes(Mukhopadhyay et al., 2014), however, its secretion can also be
influenced by other cell types including adipocytes during obesity (Chatterjee et al., 2013). Obesity-
induced higher level of circulatory FetA is linked with the chronic low-grade inflammation of adipose
tissue by recruiting macrophages and stimulating NF-kB-dependent signalling through direct binding
with the toll-like receptor 4 (TLR4) (Pal et al., 2012). It has also been shown that increased systemic
FetA level markedly inhibits the insulin signalling pathway by abrogating receptor tyrosine kinase
activity for the autophosphorylation of its tyrosine residues and insulin receptor substrate-1 (IRS-1)
which results in insulin resistance (Mathews et al., 2000; Srinivas et al., 1993). In addition,
epidemiological studies highlighted that the higher level of circulatory FetA is critically linked with the
incidence of T2D in aged individual irrespective of their sex or race (Ix et al., 2012). Recent reports
also suggest the involvement of adipose tissue dysfunction mainly due to the promotion of adipocyte
senescence (Gustafson et al., 2019; Smith et al., 2021; Tchkonia et al., 2010). Although a plethora of
studies highlighted the increased abundance of circulating FetA compromised the adipose tissue
function, however, till date, intracellular FetA distribution and its role in adipocyte senescence have
not been explored. In this context, several cell types such as liver, bone, brain, heart, and adipose tissue
have demonstrated senescence-associated dysfunctions causing age- or obesity-related diseases
including non-alcoholic fatty liver disease, osteoporosis, cardiovascular diseases, and T2D(Palmer,
Gustafson, et al., 2019; Palmer, Xu, et al., 2019). Moreover, while the appearance of senescent
pancreatic B-cells is associated with the impairment of glucose homeostasis, the clearance of these cells

and recovery of B-cell function improves blood glucose levels (Aguayo-Mazzucato et al., 2019;
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Aguayo-Mazzucato & Midha, 2019). In obese individuals and more pronounced those with T2D, a
large population of mature and fully differentiated adipocytes manifested the signs of cellular
senescence and dysfunction (Gustafson et al., 2019). Recent insights into adipocyte senescence
revealed that obesity-associated hypertrophic expansion of adipocytes is critically linked with its
dysfunction and characterized by the induction of an inflammatory state which coincided with the
reduction of insulin sensitivity and lipid storage capacity (Palmer, Gustafson, et al., 2019). Adipocyte
senescence also impairs the adipogenic potential and proliferation of resident progenitor cells (Nerstedt
& Smith, 2023). Research advancement in this field suggests that the removal of senescent cells or
attenuation of SASP could serve as promising therapeutic strategies to regain or improve adipocyte
function including insulin sensitivity. Therefore, understanding of pathophysiological obese ATenv on
adipocyte senescence and the involvement of intracellular FetA therein would provide a key link in

connecting the association of adipocyte senescence with T2D.

5.2 Results

5.2.1 Nuclear localization of fetuin-A (fetA) in adipocytes of obese adipose tissue

We examined the distribution of intracellular FetA in vVWAT of lean nondiabetic, and obese T2D
patients. Immunofluorescence analyses of vVWAT tissue sections revealed an increased abundance of
FetA in obese T2D patients as compared to lean nondiabetic subjects (Fig. 5.1A). To our surprise, we
noticed a massive level of nuclear FetA in the vWAT of obese T2D patients as indicated by the higher
co-localization of FetA and DAPI stained nucleus (Fig. 5.1B) suggesting obese adipose tissue
microenvironment (ATenv) might be responsible for nuclear accumulation of FetA. Consistent with
this, FetA protein level was significantly higher in the nuclear fraction as compared to cytosolic fraction
of isolated adipocytes from obese T2D patients (Fig. 5.1C). To apprehend whether hypoxic lipid-
enriched (HL) microenvironment of obese adipose tissue could be accountable for the nuclear
accumulation of FetA, we incubated differentiated 3T3-L1 adipocytes with 0.75 mM palmitate under
hypoxic conditions (1% O) followed by the isolation of cytosolic and nuclear fractions and subjected
to immunoblot analyses of FetA. A significant enhancement of FetA protein level was observed both
in cytosolic and nuclear fractions of HL-treated adipocytes, however, the nuclear abundance of FetA
was more intense than cytosolic content (Fig. 5.1D). Consistently, immunofluorescence analysis also
demonstrated the nuclear enrichment of FetA in adipocytes exposed to HL stimulation (Fig. S.1E, F).
Furthermore, immunostaining was performed on the isolated nuclei which exhibited notable increase
in nuclear localization of FetA in HL-exposed adipocytes (Fig. 5.1G, H). However, pre-treatment of
adipocytes with a nuclear transport inhibitor, ivermectin, markedly inhibited HL-induced nuclear
accumulation of FetA (Fig. 5.1LJ). All these results suggest that pathophysiological obese ATenv

promotes the nuclear abundance of FetA in adipocytes.
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Figure 5.1 | Nuclear localization of fetuin-A (FetA) in adipocytes of obese adipose tissue

A: Immunofluorescence analyses of Fetuin-A in histological sections of VAT of lean, non-diabetic, and
obese-diabetic individuals. B: Quantification of mean fluorescent intensity and colocalization was
presented through the Pearson coefficient showed nuclear localization of Fetuin-A in tissue sections.
C: Immunoblotting and quantification analyses of Fetuin-A in cytosolic lysate and nuclear lysate of
adipocytes isolated from the VAT of ND, and DM individuals. B-actin was loading control for cytosolic
proteins and Lamin B1 was loading control for nuclear proteins. D: Immunoblotting and quantification
analyses of Fetuin-A in cytosolic lysate and nuclear lysate of 3T3-L1 adipocytes incubated with
palmitate for 16 hours under H+L condition. B-actin was loading control for cytosolic proteins and
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Lamin B1 was loading control for nuclear proteins. £: Confocal imaging of fetuin-A in adipocytes co-
treated with or without H+L. F: Quantification of mean fluorescent intensity and nuclear localization
of fetuin-A was quantified by measuring Pearson’s correlation coefficient. G: Immunofluorescence
imaging showing Fetuin-A expression in isolated nuclei from control and H+L treated adipocytes. H:
Colocalization of fetuin-A in nuclei was quantified following pearson’s correlation coefficient. /:
Immunofluorescence staining and imaging analysis showing expression of Fetuin-A in nuclei isolated
from adipocyte treated with either DMSO or ivermectin followed by H+L treatment. J: Pearson
coefficient analysis for determining colocalization.

5.2.2 Hypoxia-inducible factor-1o regulates the nuclear migration of FetA

In HL-exposed adipocytes, a significant enhancement of FetA and HIF-la interaction was
noticed irrespective of whether immunoprecipitated with either anti-FetA or anti-HIF-1la
antibodies followed by the immunoblotting with corresponding counter-antibodies (Fig.
5.2A). Similar observations were made from the isolated adipocytes of obese T2D patients and
diet-induced mice models of obesity (Fig. 5.2M,N). To ensure that HIF-1a is critical for the
nuclear translocation of FetA in obese adipocytes, 3T3-L1 adipocytes were transfected with
HIF-1a siRNA in the presence or absence of HL stimulation and compared the results with
their respective controls. Co-immunoprecipitation study revealed that nuclear migration of
FetA was significantly attenuated in the HIF-1a silenced adipocytes even in the presence of

HL incubations (Fig. 5.2B).

Immunofluorescence staining of FetA further corroborated the evidence that nuclear
localization of FetA was considerably reduced in HIF-1a ablated adipocytes exposed to HL
stimulation (Fig. 5.2C,D and Fig. 5.20,P). A striking abolition of FetA-associated HIF-1a
was noticed in the nuclear lysates of HIF-1a silenced adipocytes that were exposed to HL
conditions (Fig. 5.2E). Next, we examined the effect of HIF-1a overexpression on the nuclear
migration of FetA in adipocytes in the absence of HL stimulation. The forced expression of
HIF-1a markedly increased the nuclear FetA level in adipocytes (Fig. 5.2F) and its interaction
with HIF-1a (Fig. 5.2G). These results suggest the obligatory requirement of HIF-1a in HL-
induced nuclear migration of FetA. We then silenced the FetA in HIF-1a overexpressed cells
to explore whether the localization pattern of HIF-1a has been influenced by FetA level. HIF-
la overexpression notably enhanced the FetA protein level, which is expected as recent reports
showed that HIF-1a promotes FetA gene expression (Rudloff et al., 2021). However, FetA
silencing was unable to restrict the nuclear migration of HIF-1a (Fig. 5.2H, I) suggesting that

HIF-1 a nuclear translocation is independent of cellular FetA level.
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To explore the direct physical interaction of Fetuin-A and HIF-1a, the pull-down assay and
surface plasmon resonance (SPR) analyses were performed. For pull-down assay, HEK293
cells were co-transfected with HIF-1a -HA and FetA-His (Fig. 5.2Q) plasmids followed by
the immunoprecipitation of nuclear lysate with anti-his or anti-HA antibodies and then probed
with anti-HIF-1a or anti-FetA antibodies, respectively. Data demonstrated a strong interaction
between HIF-1a -HA and FetA-His proteins in the nuclear fraction upon their forced co-
expression without any environmental stimuli (Fig. 5.2J). In SPR analyses, we first flowed the
varied concentrations of HIF-1a (analyte) over the Histidine-tagged FetA (ligand) immobilized
nitrilotriacetic acid (NTA) sensor chip surface. The SPR sensorgram displayed a
concentration-dependent binding of HIF-1a to FetA with higher binding affinity between them
as represented by the equilibrium dissociation constant (Kp) value is 1.19x10®* M (Fig. 5.2K
and Fig. 5.2R). To confirm the interaction nature, increasing concentrations of FetA (analyte)
were then passed over the HIF-1a (ligand) coated CMS5 sensor chip surface. A similar pattern
of concentration-dependent enhancement of high affinity binding between FetA and HIF-1a
(Kp =2.34x10® M) was observed (Fig. 5.2K and Fig. 5.2R). All these results suggest a strong
biophysical protein-protein interaction between FetA and HIF-la under pathophysiological
ATenv and their association is necessary for the nuclear localization of FetA. To investigate
the specific molecular signatures of FeA and HIF-1a that could participate in their interaction,
we collected the 3D structure of these proteins from the AlphaFold Protein Structure Database
(EMBL-EBI)(Jumper et al., 2021) and performed FetA-HIF-1a interaction analysis using the
ClusPro web server (Desta et al., 2020). We identified the key amino acid residues of FetA
that are pivotal for its interaction with HIF-1o (Fig. 5.2L). The present study decisively
revealed the nuclear accumulation of FetA, with the help of HIF-1a, in the lipid-enriched

hypoxic state of adipocytes in obese adipose tissue.
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Figure 5.2 | Hypoxia-inducible factor-1e facilitates nuclear migration of fetuin-A

A: Western blot analyses of coimmunoprecipitation study showcasing Fetuin-A interaction with HIF-
la in control and H+L treated adipocytes. B: Western blot and quantification analyses demonstrating
fetuin-A protein expression in the nuclear lysate of Control siRNA or HIF-la siRNA transfected
adipocytes co-treated with or without H+L. C: Immunofluorescence analyses revealing nuclear
colocalization of fetuin-A and HIF-1a in adipocytes transfected with control siRNA or HIF-1a siRNA
in the presence or absence of H+L. D: Quantification of Fetuin-A and HIF-lo mean fluorescent
intensity (as fold changes) and the colocalization was measured by Pearson’s correlation coefficient.
E: Western blotting analyses of fetA and HIF-1a on immunoprecipitated samples using HIF-1a and
FetA antibodies from control siRNA and HIF-1a siRNA transfected adipocyte’s cytosolic lysate and
nuclear lysate. F: Western blotting analyses of Fetuin-A in adipocytes transfected with HIF-1ao OE
plasmid in the presence or absence of H+L. G: Immunoblot analyses of FetA on HIF-la
immunoprecipitated samples from the nuclear lysate of adipocytes, transfected with control
overexpression and HIF-1a overexpression plasmid. H,/: Immunofluorescence study showing Fetuin-
A nuclear localization in adipocytes transfected with HIF-1a overexpression plasmid and/or Fetuin-A
siRNA. I: Mean fluorescent intensity was noted and plotted for fetA and HIF-la. J: Western blot
analyses HIF-1a and FetA on the immunoprecipitation samples from adipocytes, precipitated using anti
His antibody and anti-HA antibody. Adipocytes were transfected with HA-tagged HIF-1a plasmid, 6x
His tagged FetA plasmid independently or together. K: SPR analyses demonstrating representative
sensorgrams obtained by flowing described concentration of HIF-1a (left) where FetA acts as ligand
and different concentration of FetA flowed (right) HIF-1a as ligand. BSA protein was used as a
negative control protein. L: Molecular model predicts multiple active binding site (stretch) of human
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HIF-1a (Red) and human FetA (Blue). M: Western blotting of HIF-1a in FetA immunoprecipitation
samples from the ND and DM patients adipocytes, revealing HIF-1a and FetA interaction. N: Western
blotting of HIF-1a in FetA immunoprecipitated samples from the adipocytes isolated from SD and
HFD VAT, revealing HIF-1a and FetA interaction. O,P: Pearson coefficient revealing colocalization
of FetA and HIF-1a in the nucleus of adipocytes transfected with control siRNA and HIF-1a siRNA
and co-incubated with or without H+L. Q: Immunoblot analyzing demonstrating HIF-1la
overexpression and FetA overexpression in adipocytes. R: Concentration-dependent response units
(RU) of analytes. Experimental set up was FetA as ligand and HIF-1a as analyte (up) HIF-1a as ligand
and FetA as analyte (below). BSA protein was used as a control protein.

5.2.3 Nuclear FetA induces adipocyte senescence and its’ inhibition protects from
senescence-induced pathogenesis

The SABG staining evinced a considerable enhancement of adipocyte senescence in HL-
treated adipocytes as compared to the control (Fig. 5.30). Since cellular senescence is
implicated by the induction of various gene expressions that are related to the senescence-
associated secretory phenotype (SASP)(Kumari & Jat, 2021), we evaluated these gene
expressions by RT-qPCR analyses. We observed a heightened expression of SASP markers
such as f-gal, PAI-1, P53, P21, TNF-a, MMP3, CCL20, IL-8, FAS, TIMP2, and CCNDI in
HL-treated adipocytes (Fig. 5.3P) which altogether supports the hypothesis that obese ATenv
activates senescence in mature adipocytes. Further, confocal imaging of HL-treated adipocytes
displayed that enrichment of nuclear FetA coincided with the elevated level of B-gal expression
(Fig. 5.3Q). To elucidate the function of nuclear FetA in adipocyte senescence, we executed a
gain-of-function study by transfecting adipocytes with FetA and HIF-la overexpression
plasmids either individually or in combination. The FetA and HIF-la co-transfected cells
showcased a striking increase in nuclear FetA level was coincided with the significant
increment of fS-gal, TNF-a, IL-6, and MMP3 expression (Fig. 5.3A,B). Interestingly,
overexpression of FetA alone has not been enough to promote adipocyte senescence (Fig.
5.3A, B), emphasizing the importance of HIF-1a -mediated nuclear transport of FetA on the
induction of senescence in obese adipocytes. The SABG assay result further correlated with
our observations as SABG staining intensity was markedly augmented in FetA and HIF-1a
overexpressed adipocytes (Fig. 5.3C). To get a clear picture of the senescent landscape in
mature adipocytes in an obese state, we co-transfected FetA and HIF-1a plasmids in adipocytes
and scanned the expression profile of SASP marker genes. The RT-qPCR analyses illustrated
a profound elevation of SASP markers (f-gal, PAI-1, IL-6, CCL2, MMP3, TIMP2, CCL20,
CCNDI1, FAS, P21, and P53) gene expression in FetA and HIF-1a plasmid co-transfected cells
(Fig. 5.3D).

99




Chapter 5 | Nuclear Fetuin-A potentiate adipocyte senescence

Further, loss-of-function of FetA was employed by transfecting the adipocytes with the FetA
anti-sense oligonucleotides (ASO) to unravel its importance in adipose senescence. The FetA-
ASO transfected adipocytes (Fig. 5.3R,S) exhibited a notable inhibition of HL-induced SABG
activity (Fig. 5.3E) and SASP marker genes ($-gal, PAI-1, CXCL-10, MMP3, IL-8, TIMP2,
CCL20, and CCND1) expression (Fig. 5.3F). We also observed that FetA or HIF-1a silenced
adipocytes were unable to increase -gal expression even after the overexpression of their
binding partner HIF-1a or FetA, respectively (Fig. 5.3T,U). Collectively, these observations
indicate the importance of HIF-la -mediated nuclear migration of FetA in adipocyte
senescence during obese conditions. However, future studies with selective inhibition of FetA
nuclear migration will strengthen the role of nuclear FetA in the induction of senescence in

obese adipocytes.

To comprehend the pathophysiological relevance of nuclear FetA in adipocyte senescence, we
developed obese mice model by feeding with high-fat diet for 16 weeks and then administered
Control inhibitor morpholino or FetA inhibitor morpholino at regular intervals for 14 days. A
significant silencing of FetA was observed in the vVWAT of obese animals (Fig. 5.3G and
5.3V) along with a considerable reduction in the intensity of SABG staining (Fig. 5.3H).
Moreover, SASP marker expressions were also significantly reduced in the adipocytes,
isolated from the vWAT of FetA ablated obese mice and the cryosection of vVWAT (Fig. 5.31-
K). Interestingly, we observed a significant decrease in the body weight of FetA-silenced
animals along with reduced fasting blood glucose levels (Fig. 5.3L,M). However, H&E
analyses exhibit nonsignificant alterations in the physical appearance of vVWAT (Fig. 5.3N).
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Figure 5.3 | Nuclear fetuin-A induces adipocyte senescence

A: Immunofluorescence study was performed using Confocal microscopy exhibits expression of SASP
markers pB-gal, IL-6, TNF-a, MMP3 (red) and FetA (green) in adipocytes transfected with HIF-1a and
Fetuin-A overexpression plasmids independently and combinatorically. B: Mean fluorescent intensity
quantification analyses of B-galactosidase, IL-6, TNF-a, CCL2, and FetA. C: Senescence-associated 3-
galactosidase (SA-B-gal) staining and imaging analyses in adipocytes transfected with HIF-1a and
Fetuin-A overexpression plasmids independently and in combination. D: qRT-PCR analyses of SASP
genes expression in adipocytes co-transfected with HIF-1a and Fetuin-A overexpression plasmids
compared to control plasmid and data presented as fold changes. E: SA-B-gal staining of control and
FetA silenced adipocytes treated with H+L, demonstrating of blue precipitate formation, which is the
mark of senescent cells (scale bar size 50 um). F: mRNA expression analyses by performing qRT-PCR
for SASP markers in control and Fetuin-A silenced adipocytes incubated with H+L showing senescence
associates gene expression occurs in the pathophysiological condition in FetA nuclear localization
dependent manner. G: qRT-PCR analyses and western blotting analyses showing FetA expression in
the vVWAT of HFD animals administered with control inhibitor or FetA inhibitor. H: Representative
images visually exhibit SA-B-gal staining and intensity pattern in the VWAT samples of RD,
HFD+Control inhibitor morpholino, and HFD+FetA inhibitor morpholino. (n=3) /: qRT-PCR analyses
of SASP marker genes on adipocytes isolated from vVWAT of HFD animals injected with control or
fetuin-A inhibitor morpholino. J: Immunostaining of CCL2 and fluorescence imaging on the
cryosection of vVWAT and K: quantification analyses. L,M: measurement of body weight, in gram (L)
and fasting blood glucose level (M) of control inhibitor morpholino and fetuin-A inhibitor morpholino
administered mice. N: H&E staining and brightfield microscopic imaging of vVWAT cryosection of
control inhibitor morpholino and fetuin-A inhibitor morpholino administered mice. Scale bar size
200um. O: SA-B-Gal staining on adipocytes treated with or without H+L and blue color formation
indicates activation of B-Galactosidase. P: qRT-PCR analyses of senescent-associated genes in the
adipocytes treated with or without H+L. O: Immunofluorescence analysis of FetA, f-Galactocidase in
the control and H+L treated adipocytes. R: FetA mRNA expression analyses and western blotting
analyses in the adipocytes transfected with control ASO and FetA ASO. S: qRT-PCR analyses of 3-
Gal, PAI-1, p53 genes in the control and FetA silenced adipocytes. 7: Immunofluorescence staining
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and confocal imaging analyses of adipocytes transfected with HIF-1a overexpression plasmid, FetA
ASO, and in combination to demonstrate the expression of FetA, p-Galactocidase. U:
Immunofluorescence staining and confocal imaging analyses of adipocytes transfected with HIF-1a
siRNA, FetA overexpression plasmid alone or together to study FetA, p-Galactocidase expression. V-
Immunofluorescence staining and imaging analyses of FetA in the cryosections of VAT from HFD
mice administered with control inhibitor or FetA inhibitor and mean fluorescent intensity quantification
analyses.

5.3 Discussion

FetA ablated mice are known to be resistant to weight gain on a high-fat diet and exhibit improved
insulin sensitivity. FetA gene is mapped to the 3q27 region of the human genome, a well-established
T2D and metabolic syndrome susceptibility locus. We have previously shown that obesity induces the
expression and secretion of a FetA from hepatocytes and adipocytes (Chatterjee et al., 2013; Dasgupta
et al., 2010) that plays a crucial role in the induction of insulin resistance and T2D (Mori et al., 2006),
however, its intracellular localization and function in obesity is obscure. Consistent with earlier
knowledge we found lipid-rich hypoxic environment induces FetA synthesis, interestingly we observed
high nuclear localization of fetuin-A in adipocytes which positively correlates with adipocyte
dysfunction. Since FetA lacks any known putative nuclear localization signal (NLS) conferring for its
ability to nuclear migration, therefore, it would be intriguing to investigate the mechanism of FetA
nuclear translocation in adipocytes under obese ATenv. For examining the potential candidates that
could possibly be responsible for the nuclear migration of FetA in adipocytes under ATenv, we found
novel role of hypoxia-inducible factor 1a (HIF-1a), a highly elevated molecule in adipocytes at obese
ATenv, as we recently reported that obese ATenv potentiates adipose tissue inflammation and insulin
resistance by the activation of HIF-1a (Patra et al., 2023). HIF-1a belongs to the family that includes
oxygen-sensitive HIF-1a, -2a, and -3a which forms heterodimer with a constitutively expressed non-
oxygen responsive HIF-1a subunit of the PAS family (PER, AHR, ARNT, and SIM) (Weidemann &
Johnson, 2008). In normoxic conditions, HIF-1a rapidly degraded by the action of prolyl hydroxylase
domain (PHD) containing enzymes which cause hydroxylation of proline residues present in the
oxygen-dependent death domain (ODDD). The hydroxylation of proline residues in HIF-1a helps the
recognition and binding with E3 ubiquitin ligase complex, the von Hippel-Lindau tumor suppressor
protein (pVHL), which leads to HIF-1a degradation. During hypoxic conditions, propyl hydroxylation
of HIF-1a was inhibited which resulted in its accumulation and nuclear localization followed by the
dimerization with HIF-1a. The HIF-1a /HIF-1a heterodimer binds to the core pentanucleotide sequence
(RCGTG) present in the hypoxia response elements (HREs) of target genes and governs their
expression (Greer et al., 2012; Majmundar et al., 2010; Weidemann & Johnson, 2008). Previous reports
demonstrated that FetA is an evolutionarily conserved target gene of HIF-1a (Rudloff et al., 2021) and

the increased level of systemic FetA is causally linked with adipose tissue inflammation and
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macrophage polarization which is mainly responsible for insulin resistance and T2D, intrauterine

growth restriction, fibrosis, and calcification (Rudloff et al., 2021).

The coimmunoprecipitation analysis astonished us having a possible association between FetA and
HIF-1a in ATenv condition. SPR analyses confirms the strong physical interaction of Fetuin-A with
HIF-10, and also bioinformatic tools analyses confirms the same by identifying the key amino acid
residues of FetA that are pivotal for its interaction with HIF-1a. However, site directed mutational
analyses on FetA will help us to confirm the necessary residues for this linkage and might be playing

vital role in the nuclear migration of FetA.

After intriguing discovery of FetA mobilization in the adipocyte nucleus with the help of HIF-1a during
obesity, we are then interested in examining its role in adipocyte functionality. Recent reports
highlighted that adipocytes undergo a senescence phase with the progression of obesity as well as in
aging (Gustafson et al., 2022; Li et al., 2021; Tchkonia et al., 2010). To understand the mature
adipocytes senescence machinery under ATenv, we observed increasing senescence-associated [3-
galactosidase (SABG) activity in adipocytes residing in obese pathogenic environment with augmented
release of SASP markers. Adipocyte-specific overexpression of FetA and HIF-1a activates senescence
independent of pathogenic environment which clearly justifies the significance of nuclear fetA in
senescence, whereas, silencing of FetA abrogates senescence in adipocytes both in-vitro and in-vivo
models of obesity. Direct intervention of fetA inhibitor in obese animals unravels fetA inhibition and
protects adipocyte senescence in VWAT along with improving blood glucose levels and reducing
bodyweight. In conclusion, our study uncover a novel mechanism for the development of adipose tissue
dysfunction in obesity by highlighting the participation of nuclear FetA, through its association with

HIF-1a, triggering adipocyte senescence.

The global epidemic of obesity harms millions of life each year, there is the utmost requirement to
understand the molecular mechanism of pathogenesis for developing novel therapeutics, therapeutic
targets as well as new strategies. Senescent cells are detrimental to physiological function, animal
studies revealed an increase of senescent cells by 0.3% severely deteriorates the physical function of
animals, and the application of sentolytics improves adipose tissue function both in animals and clinical
settings (Xu et al., 2018). Here, we delve how obese pathogenic environment cause adipocyte

senescence contributes to metabolic disorder and opens up a new horizon for obesity management.

5.4. Materials and methods

5.4.1 Reagents and antibodies

All tissue culture materials were purchased from Life Technologies/Gibco, Nunc; Grand Island, NY;

and Corning, NY. Description of all the antibodies including catalog numbers, and the dilutions used
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in different experiments were given in Table A. HIF-la overexpression plasmids; HA-HIF lalpha-
pcDNA3 was a gift from William Kaelin, Addgene plasmid # 18949 ; http://n2t.net/addgene:18949;
RRID:Addgene 18949), pCAG-HIF1 alpha was a gift from Connie Cepko (Addgene plasmid #21101;
http://n2t.net/addgene: 21101; RRID:Addgene 21101), PBS/pU6- HIF1 alpha RNAi plasmid 1 was a
gift from Connie Cepko (Addgene plasmid # 21103; http://n2t.net/addgene:21103; RRID:
Addgene 21103), AHSG-bio-His was a gift from Gavin Wright (Addgene plasmid # 52175;
http://n2t.net/addgene:52175; RRID:Addgene 52175). We have procured recombinant human HIF-
lalpha (cat. No. CSB-RP129074h) from Causabio Technology (Houston, TX, USA). NP40 lysis buffer
(cat. no. #FNNO0021), Pierce BCA Protein Assay Kit (cat. no. 23227) and Halt Protease and
Phosphatase Inhibitor Cocktail (cat.no. #78440) were purchased from Invitrogen (Thermo-Scientific,
Grand Island, USA). Clarity Western ECL Blotting Detection Reagent (cat. no. #1705060) and
precision plus protein dual-color standards (cat. no. #161-0374) were purchased from Bio-Rad
Laboratories (Hercules, CA, USA). Clarity Western ECL Substrate (cat. no. 1705060) and iScript
Reverse Transcription Supermix (cat. no. 1708891) from Bio-Rad Laboratories (Hercules, CA);
polyvinylidene fluoride membranes (cat. no. 548IPVH00010), Ivermectin (Cat. No. I8898) from Merck
(Darm- stadt, Germany); PowerUp SYBR Green Master Mix (cat. no. A25742); Ready to use X-Gal
solution (cat no. R0941) was procured from Applied Biosystems, Thermo Fisher Scientific.
VECTASHIELD Antifade Mounting Medium with DAPI (cat. no. H-1500) from Vector Laboratories
(Burlingame, CA). Fetuin-A siRNA (sc-39443) was procured from Santa Cruz Biotechnology (Dallas,
TX, USA). All primers were synthesized from IDT (Coralville, lowa, USA) and sequences were
presented in Table B. EpiQuick™ Nuclear extraction kit (Cat. No. #OP-0002) was procured for
EPIGENTEK (Farmingdale, NY, USA). Desalting columns packed with Sephadex G-25 resin (cat. No.
PD-10) and NHS-activated Sepharose 4 Fast Flow matrix were procured from Cytiva (Marlborough,
MA, USA). Empty gravity column (BB-EGCO1) procured from Biobharati Life Sciences (Kolkata,
WB, India). Tris, Glycine, Sodium Chloride, Sodium acetate, and other chemicals were procured from

Sigma-Adrich (St. Louis, Missouri, USA).

5.4.2 Cell culture and transfection

As described earlier in sections 3.4.4 and 4.4.4. 3T3-L1 cells were cultured and differentiated into
adipocytes. For transfection of Control siRNA, HIF-1a siRNA, control overexpression plasmid, HIF-
la OE plasmid, Fetuin-A siRNA, Fetuin-A overexpression plasmid we have used Lipofectamine
LTX/Plus Reagent (Invitrogen) for 48h in a 24 well plate according to the manufacturer’s protocol.
Briefly, 3T3-L1 adipocytes(differentiated), HEK293 cells were cultured in a 6-well plate in an
antibiotic-free complete growth medium prior to transfection. For each well, 5ug of siRNA or
overexpression plasmid in Lipofectamine LTX/Plus reagent was prepared separately by mixing in

OptiMEM serum-reduced media (Gibco) and incubated for 5 min. The transfection reagent cocktail
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containing media was added to the cells containing OptiMEM serum-reduced media and incubated for
4h followed by the addition of antibiotic-free complete growth media. After 48 h of transfection, cells

were washed; a fresh complete growth medium was added and used for different treatments.

5.4.3 Mice experiments

As described earlier in Section 3.4.2. Mice fed with the HFD diet for 12 weeks were considered for
Fetuin-A inhibitor administration. Control inhibitor or Fetuin-A inhibitor (2.5mg/kg bw) was
administered in the tail-vein of HFD mice, 3 times in the span of 14 days. On day 14, animals were
utilized for different experiments. We procured (5-AAGACCAGGGACTTCATGGTTGCTC-3;
accession code: NM_013465.1) and it’s control VMOs from Gene Tools to generate FetA silencing in

animals.
5.4.4 Clinical samples As described earlier in Section 3.4.3 and data presented in Table C.

5.4.5 Adipocyte nuclei isolation and staining

Dish containing adipocytes were washed twice with DPBS and 1 ml of chilled ethanol was
added for 5 minutes and discarded. Adipocytes were washed with PBS again and 1ml chilled
hypotonic lysis solution was added (20mM HEPES pH 7.5, 5SmM Sodium chloride, 0.4%NP-
40, Proteases Phosphatase inhibitor cocktail). Cells were scraped thoroughly, followed by
passing it through 26 gauge needle for few times. The cell suspension was centrifuged at 600
x g for 20 minutes at 4°C to pellet down the nuclei. A supernatant containing cytoplasmic
lysate was removed and nuclei pellet was washed 2-3 times with the hypotonic lysis solution.
Nuclei pellets were resuspended in 0.2% triton X-100 containing PBS and incubated for 5
minutes followed by incubation with 3% BSA solution for 15 minutes. Primary antibody
incubation for 1 hour followed by washing with PBS containing 0.1 % Tween-20 (PBST)
solution and secondary antibody incubation was performed. Nuclei suspension was washed
and 100nM DAPI solution was added for 2 minutes followed by a washing. Nuclei were
suspended in PBS and glycerol was added to it. It was spread in a coated glass slide for

fluorescent imaging.

5.4.6 Nuclear protein isolation

5-6x10% adipocytes were considered for nuclear protein isolation using a nuclear protein
extraction kit- EpiQuick Nuclear Extraction Kit I (cat. No. OP-0002) following manufacturer

protocol.
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5.4.7 Co-immunoprecipitation

An immunoprecipitation study was performed on the adipocytes isolated from VAT of
humans, mice, and in-vitro cultures of adipocytes. Approximately 5-6x10° adipocytes from
tissue and 3x10° 3T3-L1 adipocytes were considered total protein isolation. 3T3-L1
Adipocytes were differentiated in a 60 mm dish having a density of 3x10° and were considered
for the Co-IP study. After completion of treatments, adipocytes were washed with chilled
DPBS and lysed using freshly prepared lysis buffer followed by total protein isolation and
quantification. Similarly, total protein was isolated and quantified from the adipocytes of the
tissue sample. A total of 200 pg proteins suspended in were incubated with 3pg of HIF-1a or
Fetuin-A, overnight at 4°C using a rotating mixture platform. The immunocomplex was
precipitated by incubating with protein-A magnetic beads (sure beads, BioRad) for 2 hours.
Protein-A bound immunocomplex was pulled down using a magnetic rack and washed with
0.1% Tween 20 containing DPBS. This washing and magnetic pulldown step was performed
thrice. The pulled proteins complex was added with 4x reducing laemmlli sample buffer and
boiled for 5 minutes followed by placing the tubes to remove magnetic beads and collection
of supernatant. The isolated supernatant was run in SDS PAGE followed by immunoblotting

analyses.

5.4.8 SPR analysis

The surface plasmon resonance (SPR) analysis was performed to measure the binding affinity
between FET and HIF-1a protein. The measurements were performed using a Biacore-X100
instrument using a CM5 chip (GE Healthcare). All the measurements were performed using
20 mM HEPES buffer containing 150 mM NaCl, pH 7.3 at 25 °C. The surface of the CM5
sensor chip was coated (flow rate 10 ul/min) with anti-His-antibody as the target proteins
contain Hisex tag. The anti-His-antibody capture level was 7000 response units (RU). One of
the proteins (His-tag) was then immobilized on the antibody-coated surface as a ligand, and
the other protein (without His-tag) was then passed over the surface as an analyte and vice
versa. BSA was chosen as a control protein. The sensorgrams were analyzed to investigate the

corresponding equilibrium dissociation constant (Kp) of the protein-protein interaction.

5.4.9 Protein-protein docking analyses

The protein (HIF1a & Fetuin A) structures were sourced from the European Bioinformatics

Institute's AlphaFold Protein Structure Database (EMBL-EBI) (Jumper et al., 2021). These
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structures were subsequently prepared using PyMol (PyMOL v2.5 - Incentive Product,
Schrodinger, LLC). Then the protein-protein interaction study analysis was performed by
ClusPro, a web server utilizing the PIPER rigid-body docking method. This process involves
initially sampling all translational and rotational orientations of a ligand-protein concerning a
receptor protein. Subsequently, it employs the fast Fourier transform (FFT) correlation
approach, utilizing knowledge-based or statistical potentials as the scoring function. This
allows it to organize the samples and select the most suitable model for the complex (Desta et
al., 2020; Jumper et al., 2021; Kozakov et al., 2017; Vajda et al., 2017; Xia et al., 2016). The
ClusPro server conducts three computational steps: 1) Rigid-body docking: It samples an
extensive number of conformations, numbering in the billions. 2) Root-mean-square deviation
(r.m.s.d.)-based clustering: This identifies the largest clusters among the 1000 lowest-energy
structures, representing the most probable complex models. 3) Refinement: Selected structures
undergo energy minimization. The efficiency of this method lies in its ability to efficiently
calculate energy functions using FFTs. This allows it to thoroughly sample countless
conformations of the interacting proteins, evaluating energies at each grid point. Consequently,
ClusPro can perform protein docking without prior knowledge of the complex's structure. Later

the obtained results underwent analysis and refinement through PyMol.

5.4.10 Senescence-associated beta-galactosidase (SABG) assay

SABG assay was performed following a published protocol (Dimri et. al, 1995) with slight
modification. Briefly, adipocytes were washed twice with DPBS, followed by the addition of
a fixative solution having 0.2% glutaraldehyde and 2% formaldehyde in PBS and incubated
in RT for 5 minutes. Cells were washed with PBS 3 times and freshly prepared SA-BG staining
solution for 8 hours in 37°C humidified chamber without having a supply of CO».

5.4.11 Immunofluorescence staining and Confocal microscopy: As described earlier in
section 4.4.15
5.4.12 Oil-red O staining: As described earlier in section 3.4.12

5.4.13 H&E staining and imaging: As described earlier in section 3.4.13
5.4.14 RNA Extraction and Quantitative PCR: As described earlier in section 3.4.14

5.4.15 Immunoblotting: As described earlier in section 3.4.15
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5.4.16 Statistical analyses

Data represented as mean + SD. Student’s #-test, two-way ANOVA was used to determine
statistical significance, and a p-value at the level of p<0.05 was considered significant.
Student’s t-test was used for the comparisons among two groups and two-way ANOVA
analyses were considered for calculating significance when comparing multiple groups. All
data analyses were performed using GraphPad Prism software (v.8.0; GraphPad Software, Inc.,

La Jolla, CA).
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6.1 Highlights

In this thesis, compelling evidence has been presented supporting the role of obesity-induced lipid-
rich hypoxic adipose tissue microenvironment (ATenv) in the dysfunction of adipose tissue
macrophages (ATMs) and adipocytes governing pathophysiological chronic inflammatory state and
type 2 diabetes (T2D). This study has provided novel insight on the involvement of specific miRNAs
in obese ATenv for the impairment of metabolic functions particularly insulin sensitivity and glucose

homeostasis. The following key findings have emerged from this study were highlighted:

1. The present investigation revealed that obese ATenv cause a substantial polarization of ATMs toward
proinflammatory M1 phenotype by modulating miRNA-based epigenetic signature in both obese

diabetic mouse models and patient samples as compared to their respective control counterparts.

2. The study identified colossal increase of a key hypoxamir miR-210-3p in the ATMs of obese
pathophysiological ATenv which critically involved in skewing macrophage M1 phenotype by
targeting SOCS1-NF-kB pathway.

3. Administration of miR-210-3p mimic in lean mice markedly induced proinflammatory phenotype in

ATMs by activating the NF-xB inflammatory signaling pathway.

4. The direct delivery of anti-miR-210-3p in the adipose tissue of obese mice notably reduced the
inflammatory burden which coincided with the alteration of ATMs phenotype toward an anti-

inflammatory state by normalizing SOCS1 levels.

5. Furthermore, obese ATMs also promotes the massive release of miR-210-3p-enriched extracellular

vesicles (EVs) in disseminating the pathophysiological effect in both paracrine and endocrine manners.

6. Delivery of EVs-loaded with miR-210-3p significantly induced insulin resistance in lean mice by
directly targeting multiple insulin pathway molecules, such as GLUT4 and INSR, disrupting the

cellular glucose uptake.

7. Moreover, anti-miR-210-3p administration considerably improved the glycemic status of obese,
insulin-resistant mice which accompanied with the enhanced levels of insulin signaling pathway

molecules phospho-AKT and GLUT4.

8. Further investigation of obesity-associated pathophysiological ATenv on adipocyte function, the
present study also discovered fetuin-A (FetA), a well-documented hepatokine, acts as a nuclear protein
in obese adipocytes which regulates its senescence, contributing to the development of insulin

resistance and chronic inflammation.
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9. The nuclear migration of FetA in obese adipocytes has been facilitated by its direct interaction with
HIF-1a, a major hypoxia-induced transcription factor, promoting adipocyte senescence and thus

suggesting its critical role in the progression of obesity-induced insulin resistance.

10. Furthermore, inhibition of FetA expression in obese mice strikingly reduced the senescent
phenotype of adipocytes, emphasizing the significance of FetA as a novel target in the development of

therapeutics against obesity-associated adipose tissue dysfunction and insulin resistance.

6.2 Conclusions

This comprehensive study has unveiled critical understanding on the role of obesity-induced lipid-
rich hypoxic adipose tissue microenvironment (ATenv) on the metabolic health of individuals. The
findings from this study have implications in our understanding of obesity-related pathophysiology and
potential therapeutic interventions. It has been found that obese ATenv exerts a profound influence on
various cell types within adipose tissue, notably adipocytes and macrophages, promoting a
proinflammatory state and contributing to adipose tissue dysfunction. Importantly, these effects extend
beyond adipose tissue, adversely impacting insulin-responsive organs like the liver and skeletal muscle.
The identification of hypoxamiR-210-3p in the adipose tissue macrophages (ATMs) of obese ATenv
as a key player in skewing macrophage polarity towards proinflammatory M1 phenotype and inducing
insulin resistance in insulin target cells suggesting it could serve as potential molecular target for future
therapeutic interventions against obesity-induced insulin resistance and T2D. However, in-depth
studies will be required using transgenic ATMs-specific miR-210-3p ablated mice and extensive
preclinical studies with miR-210-3p inhibitor for harnessing applicability of miR-210-3p as novel target
and development of therapeutics. Moreover, the present investigation also unravelled a novel role for
of nuclear fetuin-A in adipocyte senescence during obese ATenv and thus providing a deeper
understanding of metabolic dysfunction in obesity. The manipulation of nuclear fetuin-A levels in
obese adipocytes may serve as a promising avenue for future therapeutic development against obesity-

induced adipocyte senescence and T2D.

In summary, the findings presented in this study underscore the intricate and multifaceted nature of
obesity-related metabolic disturbances. It emphasized the need for a holistic approach to combat the
adverse effects of obesity on adipose tissue and insulin-responsive organs, offering potential strategies
to alleviate chronic inflammation and insulin resistance, ultimately contributing to the management of
metabolic dysfunction. Thus, findings of this study open new avenues for research and hold promise
for the development of novel therapeutic interventions in the battle against obesity-associated metabolic

dysfunction.
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However, inclusion of more sample size of patients will strengthen the results and macrophage-specific
miR-210-3p knock-out mice model will provide firm and compelling evidence about the interaction of
miR-210-3p with SOCS1 and GLUTH4, altogether these shreds of evidence will authenticate and fortify
the conclusive statement. Inclusion of adipocyte specific Fetuin-A knock-out mice model will also
provide crucial evidence for the origin and role of nuclear fetuin-A in adipocyte senescence

contributing white adipose tissue dysfunction.

6.3 Future perspectives

The contribution of the obese adipose tissue microenvironment (ATenv) to insulin resistance is
exceedingly promising and holds great importance in the field of metabolic health. The findings
presented in this thesis provide a solid foundation for future investigations and potential clinical
applications. Here, we highlight the importance of the present findings and outlined the key future

perspectives:

1. By understanding the role of obese ATenv particularly focussing on higher lipid level and low oxygen
tension in adipose tissue inflammation, senescence, and insulin resistance, the present study raises
many questions for researchers to consider other environmental factors like adipose resident
microbiome and other epigenetic alterations like histone and DNA modifications in obese adipose

tissue for the modulation of adipogenesis, lipigenesis, and lipolysis events.

2. Future examination of obese ATenv on different insulin-responsive organs will imply the importance
of early intervention to mitigate ATenv effect on the prevention and/or rescue from the onset of insulin

resistance and related metabolic disorders.

3. The identification of miR-210-3p as key player in obesity-induced adipocyte dysfunction and insulin
resistance may lead to the discovery of novel biomarkers that can predict an individual's susceptibility
to metabolic dysfunction. Such biomarkers could be useful for early diagnosis and risk stratification of

obesity-induced metabolic diseases.

4. Future investigation need to perform to understand the mechanistic role of nuclear fetuin-A in
senescence markers expression in adipocytes and suppression of fetuin-A nuclear migration in rescuing

adipocyte dysfunction and insulin resistance.

5. Investigating the long-term effects of interventions targeting ATenv will be crucial. It's essential to
assess not only their immediate impacts but also their sustainability and potential side effects over
extended periods. Beyond therapeutic approaches, future research should also focus on preventive
strategies. Understanding how lifestyle modifications, such as diet and exercise, influence ATenv and

subsequent insulin resistance will be critical in designing effective prevention programs.
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6. As these findings become integrated into clinical practice, patient education and awareness about
the importance of obesity-associated ATenv in insulin resistance should be emphasized. Empowering

individuals with knowledge about lifestyle changes and potential treatments will be vital.

In conclusion, the discoveries made in this thesis regarding the role of obese ATenv in inflammation,
senescence, and insulin resistance represent a significant advancement in our understanding of
metabolic disorders associated with obesity. The future prospects of this research are poised to
revolutionize the field of metabolic medicine by offering novel therapeutic strategies, personalized
interventions, and improved outcomes for individuals struggling with obesity-related insulin resistance
and its complications. These discoveries have the potential to make a substantial impact on public

health by addressing critical aspects of the global obesity epidemic-associated metabolic diseases.
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Table A | Antibody

Antibody Dilution Company Catalog No.

Phospho-NF-kBp65 (S-536) | 1:1000 for ICC Abcam #ab86299
1:2000 for WB

SOCS1 1:100 for IHC Invitrogen #38-5200
1:1000 for WB

iNOS 1:400 for ICC Cell Signaling Technology | #13120
1:400 for IHC
1:1500 for FC

Arginase 1 1:50 for ICC Cell Signaling Technology | #93668
1:400 for IHC

Anti-Mouse IgG 1:1000 for ICC Cell Signaling Technology | #4408

(Alexa Fluor 488 conjugated) | 1:1000 for IHC

Anti-Mouse 1gG 2pg/ml for ICC Invitrogen #A-11032

(Alexa Fluor 594 conjugated)

Anti-Rabbit [gG Spg/ml for ICC Invitrogen #A-11034

(Alexa Fluor 488 conjugated) | 1:500 for IHC

Anti-Rabbit IgG 2pg/ml for ICC Invitrogen #A-1101

(Alexa Fluor 568 conjugated) | 2ug/ml for IHC

HIF1la 10pg/ml for IHC | Abcam #ab16066

F4/80 1:50 for IHC Santa Cruz Biotechnology | #sc-377009

CD68 1pg/ml for IHC Abcam #ab125212

PE anti-mouse CD80 0.5pg/million BioLegend #104707
cells for FC

FITC anti-mouse CD80 lpg/million cells | BioLegend #104705
for FC

APC anti-mouse CD206 0.5pg/million BioLegend #141707

(MMR) cells for FC

PE anti-mouse F4/80 lpg/million cells | BioLegend #123110
for FC

PE anti-human CD80 Sul/million cells | BioLegend #305207
for FC

APC anti-human CD163 Sul/million cells | BioLegend #326510
for FC

FITC anti-human CD64 Sul/million cells | BioLegend #305006
for FC

APC anti-mouse/human 0.25pg/million BioLegend #101212

CDl11b cells for FC

PE anti-human CD68 Sul/million cells | BioLegend #333807

Antibody for FC

TruStainFcX™ (anti-mouse 0.1pg/million BioLegend #101319

CD16/32) cells for FC

NF-«B p65 2pg/ml for WB Invitrogen #PA1-186

HRP conjugated Anti-Mouse | 1:20000 for WB | Sigma-Aldrich #A9044

IgG antibody
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HRP conjugated Anti-Rabbit

IgG antibody

B-actin

Akt phospho Ser 473
GLUT4

Akt

Insulin Receptor
IRS1

Prefl

CD63

FABP4

F4/80

Anti-Mouse IgG (Alexa Fluor

647 conjugated)

Anti-Goat IgG (Alexa Fluor
594 conjugated)

Fetuin-A

Fetuin-A
Fetuin-A

HA

6x-His

HIF-1a

Lamin B1
GLBI
CCL2
TNF-a
IL-6
MMP3

1:20000 for WB

1:1000 for WB
1:1000 for WB
1:1000 for WB
1:200 for ICC
1:200 for IHC
1:1000 for WB
1:1000 for WB
1:500 for WB
1:400 for IF
1:1000 for WB
1:200 for IF
Sug/ml for IF
2pg/ml for ICC

2pg/ml for IHC

:1000 for WB
: 50 for IP
:1000 for WB
:1000 for WB
:100 for IF
:150 for IP
:100 for IP
:1000 for WB
:100 for IP
:1000 for WB
:1000 for WB
: 100 for IF
:1000 for WB
:100 for IF
:100 for IF
:200 for IF
:100 for IF
1:200 for IF

S G VU VUG VUG (UG A (VOGN VGG G O VUGG O g VG wy

Sigma-Aldrich

Invitrogen
Cell Signaling Technology
Cell Signaling Technology

BD Biosciences

Cell Signaling Technology
Santa Cruz Biotechnology
Abcam

Abclonal

Cell Signaling Technology
Abcam

Invitrogen

Invitrogen

Cell Signaling Technology

R&D System

Santacruz Biotechnology

BioBharati LifeScience

BioBharati LifeScience

ABclonal

ABclonal

Affinity Biosciences
Santacruz Biotechnology
Cell Signaling Technology
Invitrogen

Invitrogen

#A9169

#AM4302
#9271
#2213

610860
#3025
sc-8038
ab119930
A19023
#50699
ab6640
# A-21235

# A-11058

#5258

MAB1563

SC-166531

#BB-AB0050

#BB-AB0010

A11945

A16909

#DF3842

SC-32771

#3707

MAS5-23698
PA5-119639
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Table B | Primer sequence

Mouse Primers

Gene

SOCS!I
ILIB

CDI163
CD206

CD86
CD200R1
FPR?2
MMP9
CCR2
M1
MHC-II4
IL13
IL10

L4
INOS
CCL2
ARGI
TNFA
B-ACTIN
IL6
CCL5
CXCLS

CD64

MYOCD
CcUL2
NF-KBIB
COMMDI
GLUTI
GLUT4

AKT2
IRS1
IRS2?
IRS3
IRS4
INSR
FET-A
GLBI
PAI-1
P53
CXCLI10
MMP3

Foward (5'-3")
CAACGGAACTGCTTCTTCGC
TGCCACCTTTTGACAGTGATG
TGCTCAGGAAACCAATCCCA
TTCAGCTATTGGACGCGAGG

CTGTAGGCAGCACGGACTTG
TCAGTGGCTTCAGAAAATGCAAA

GAGACCTCAGCTGGTTGTGC

CCGACTTTTGTGGTCTTCCC
AGGAGCCATACCTGTAAATGC
GTTTGGACCTGCCCCGTTC
GAAGACGACATTGAGGCCGA
GTATGGAGTGTGGACCTGGC
CTCGAATGTACCAGGAGCCA
GCATGGCCCAGAAATCAAGG
CTTGGTGAAGGGACTGAGCTG
GATGCAGTTAACGCCCCACT
ACATTGGCTTGCGAGACGTA
CGCTGAGGTCAATCTGCCCAAG
GTACTCTGTGTGGATCGGTGG
GGGACTGATGCTGGTGACAA

CTGCCTCCCCATATTCCTCG
TAAAAGGGGTGCAGTGGGTT

TCTGCTACTTTGGGTTCCAGTC

ATGACATCAGCCAGGAACGC
CCTGGACTGGACCATTGCATC
GACCTCAATAAACCGGAGCCT
CTGCACAGCCAACTCTATCC
GCTGTGCTTATGGGCTTCTC
CTCCGCATCTTTCCCCCTC

ACAGCCCTCAAGTATGCCTT
TGGACATCACAGCAGAATGAAGA
TTTGCCCACAATTCCAAGCG
GCTGCTACTGCTATGGGTTTC
AGAATTCCAGGACCTTGCCG
AGATGTCCCATCAAATATTGCCAAA
AGGGGCAGAGAGGTAATGGT
CCGCTTCTACTGGGAGGACC
CACAACCCGACAGAGACAATC
GCTCACCCTGGCTAAAGTTCT
CCACGTGTTGAGATCATTGCCA
CCCTGCAACCGTGAAGAAGA

Reverse (5'-3")
AGCTCGAAAAGGCAGTCGAA
GAAGGTCCACGGGAAAGACA
ACCTCCACTCTTCCAGCG
GAATCTGACACCCAGCGGAA

CATGGTGCATCTGGGGTCCAT
GTGCCATTGACTTCGCCTTG

CATCCGGAATCCAGCTACCC

TTTGGAATCGACCCACGTCT
GGCAGGATCCAAGCTCCAAT
CCTTGGAATGTCTTTCTCCACAG
GGAACACAGTCGCTTGAGGA
CTCTGGGTCCTGTAGATGGC
AGGACGTTTGGCACATCCAT
GAGAAATCGATGACAGCGCC
CGTTCTCCGTTCTCTTGCAGT
AGCTTCTTTGGGACACCTGC
ATCACCTTGCCAATCCCCAG
GGTCAGAGTAAAGGGGTCAGAGTGG
AGGGTGTAAAACGCAGCTCAG
ACAGGTCTGTTGGGAGTGGT

TCGGGTGACAAAGACGACTG
GAGCACCAGCTCGGGATATG

ATGTGTAGCGGTGTCTTCCC

GGACCTTTCAGTGGCGGTATT
AAGTTTAGTGTTGAAACCTGCTCC
ACCAAGCCTGAGAGAAGCCT
ACACAAAAATTCAGATTCCTGTCCA
CACAAGTCTGCATTGCCCAT
AGTGTTCCAGTCACTCGCTG

TCCAGCTTGATGTCACGGTA
TTCCGGTGTCACAGTGCTTT
GTAGCGCTTCACTCTTTCACG
CATGAATGCTTTGGGCCACC
GTGGCAGTGTAATAACTCTCATTT
CAAGAAGGCGGACCACATGA
AGCACCTTTCAGAGTCGTGG
CCCGTACTCATTCTCAACCTGC
TCTGTCTATCCGTTGCCCCT
TGAGGGGAGGAGAGTACGTG
CCACTGGGTAAAGGGGAGTG
GACAGCATCCACCCTTGAGT
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IL-8
FAS
TIMP
IL15
CCND1
CCL20
P21

SOCS1
S-actin

SOCS1 (mut-
1)
SOCS! (mut-
2)

GLUT4
(mut-1)

GLUT4
(mut-2)

Xbal
(Forward)
Sall
(Reverse)

U6 snRNA

miR-210-3p
miR-200b -3p
miR-27a-3p
miR-126

TAGGCATCTTCGTCCGTCCC CCTTCACCCATGGAGCATCA
GTCCTGCCTCTGGTGCTTG CAGCAAAATGGGCCTCCTTG
GACTTCATTGTGCCCTGGGA ATGGGACAGCGAGTGATCTTG
TTCTCTGCGCCCAAAAGACT TTTCCTGACCTCTCTGAGCTG
AGAAGTGCGAAGAGGAGGTC TTCTCGGCAGTCAAGGGAAT
CTGTGAACCTCCTCAGCCTAAGA ACCCCAGCTGTGATCATTTCC
GTCCAATCCTGGTGATGTCC GTTTTCGGCCCTGAGATGT

Human Primers

CACTTCCGCACATTCCGTTC AGGCCATCTTCACGCTAAGG
GAGCACAGAGCCTCGCCTTT ACATGCCGGAGCCGTTGTC

SOCS1 3' UTR primers
TAATGCTGCGTGCGGGCGCTGCCG CGGCAGCGCCCGCACGCAGCATTA

GCCCGCCGTGCACGATTAACTGGGA | CATCCCAGTTAATCGTGCACGGCGGGC
TGC

GLUT4 3'UTR primers

GTTTCACTGCCCATCTGGGCTGACAC | GGAGGTGTCAGCCCAGATGGGCAGTGA
CTCC AAC

ATCATGGGTTICACTGCCCATCTAGT CACTCTGTGAGGGAGGTGTCAGCCCACA

ié%éGGGCTGACACCTCCCTCACAG GTCAAGATGGGCAGTGAAACCCATGAT

Cloning primers

GCCGTGTAATTCTAGAGGGGCCAGGCAGGGGTGG
AAGGGCATCGGTCGACTGTGGTCTTGGTCTCCATCTCTTC

microRNA primer sequences

GTGCTCGCTTCGGCAGCACATATAC | 001973 NR_004394
TAAATTGGAACGATACAGAGAAGAT B
TAGCATGGCCCCTGCGCAAGGATGA

CACGCAAATTCGTGAAGCGTTCCAT

ATTTT

CUGUGCGUGUGACAGCGGCUGA 000512 MI0000286
UAAUACUGCCUGGUAAUGAUGA 002251 MIMAT0000233
UUCACAGUGGCUAAGUUCCGC 000408 MIMATO0000537
CAUUAUUACUUUUGGUACGCG 000451 MIMATO0000137
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Table C | Patient demographic details

Pathological features

Non-obese non-diabetic patients:

Number of patients 16
Age (median range) 43.6 = 10.7 (19-65 years)
Gender Male (n=6)

Female (n=10)

BMI (median range) 243 +2.01(19.4-27.4)
Fasting serum glucose (mmol/L) 4.7+0.78
Any other disease (Cancer and NAFLD) No

Obese diabetic patients:

Number of patients 14
Age (median range) 48.1 + 12.2 (22-66 years)
Gender Male (n=7)

Female (n=7)

BMI (median range) 34 £3.6 (30.1- 44)
Fasting serum glucose (mmol/L) 8.07+3.1
Any other disease (Cancer and NAFLD) No
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