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Abstract

The incidence of obesity is increasing in mammoth proportions so much so that associated
comorbidity T2DM incidence is increasing markedly that we had to coin a term “Diabesity”
to target both together. Earlier trying to review etiopathogenesis of both obesity and type
2 DM we found that whatever drugs that are formulated usually do not work with some
complications and till now other than bariatric surgery we have no permanent cure for
long term maintenance. Further T2DM might be a disease of 2 etiopathogenesis, namely
inflammatory, as well as metabolic. Although metabolic inflammation has the properties
of being systemic, their common initiating point is tissue resident macrophages, whose
successful physiological or abnormal pathological adaptation to its microenvironment
dictates disease course as well as severity. Earlier we reviewed macrophage polarization in
case of nonalcoholic fatty liver disease (NAFLD). Here we review it more comprehensively
regarding crucial modes, of macrophage polarization, inflammatory, as well as non
inflammatory which sees to the formation of insulin resistance (IR) as well as type 2
diabetes mellitus (T2DM). Details of macrophage polarization, bioenergetics macrophage
adaptations in different scenario is discussed in detail along with role of transcription
factors like interferon regulatory factor 5 (IRF5), nuclear factor kappa B (NFKB), toll like
receptor 4 (TLR4), liver X receptor (LXR), activator protein 1(AP1), hypoxia inducible
factor 1(HIF1), signal transducers and activators of transcription (STATS) in all these
signaling besides peroxisome proliferator activated receptor (PPAR).
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Introduction

The incidence of obesity is increasing globally and with that the
other comorbidities like type2 diabetes mellitus (T2DM). T2DM is

a disease having double etiologies namely inflammatory, as well as
metabolic. In the last 2 decades, inflammation has been escalatingly
recognized to have significant role in enhancing risk of insulin
resistance (IR) in addition to it getting visualized as an etiological
starting point for metabolic failure. Various studies have tried to
describe the kinetics among inflammation as well as IR, where certain
reports document local IR as preceding inflammation,' while others
document occurrence of inflammation following IR.? But blunting
of inflammatory response has constantly been documented as being
protective metabolically, ameliorating the formation of IR as well as
T2DM. Hence inflammation is observed to be the deciding factor in
loss of tolerance to metabolic imbalance. IR in liver, adipose tissue
(AT) as well as skeletal muscle is initially confronted with a burst
of activity in pancreas which sustain normal level of glycemia (the
prediabetic stage).> Once this stage is prolonged as well as insulin
synthesis cannot meet insulin demands any longer frank T2D forms
that predisposes subjects to a lot of sequelae as well as comorbidities.
These sequelae along with comorbidities are mainly hepatic as well as
those implicating the cardiovascular system (CVS) in nature and have
a direct relation to escalating inflammation, hyperglycemia in addition
to it dyslipidaemia. Earlier we have reviewed the etiopathogenesis of
both obesity as well as T2DM and grouped 2 as diabesity with the
markedly escalating incidence and tried further to emphasize on the
role of macrophages and aimed to find various ways of trying to treat
both with different agents including natural agents like resveratrol,
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monoterpenes etc.*? Here we further deeply explore the role of
macrophages in etioathophysiology of T2DM.

Methods

We conducted a systematic review utilizing the Pubmed search
engine on macrophage polarization, along with transcription factors
regulating it using the MeSH terms T2D; macrophage polarization;
macrophage bioenergetic needs; metabolic adaptations; IRF5; STATS;
PPAR’s; AP1; LXR1; HIF1; Epigenetics from1970’s till date.

Results

We found a total of 1751 articles out of which we selected 190
articles for this review. No Meta analyses were done.

Metabolism and inflammation relationship

This was initiated by Hotasmiglil as well as Spiegelman
discovering escalated expression of proinflammatory cytokine tumor
necrosis factor alpha (TNF-a) in adipose tissue (AT) in case of obese
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rats models of obesity.>* Neutralization of TNF-a in these obese rats
resulted in marked enhancement of glucose uptake in response to
insulin. 10 yrs later macrophages were pointed to be the major source
of TNF-a as well as other proinflammatory cytokine like IL-6 as
well as inducible nitric oxide synthase (iNOS) in obesity.”> Further
macrophages dramatically collect within AT the time of obesity,
resulting in insulin resistance (IR). These early studies emphasized
on the role of Inflammation along with metabolic failure related to
IR as well as type2 diabetes (T2D) Figure 1. Following that a lot of
importance has been laid on immune system as the main controller
of metabolic homeostasis. Innate immune cells i.e. macrophages,
reside in all metabolic tissues which coordinate glycemic homeostasis
namely AT, liver as well as pancreas. Tissue-resident innate immune
cells form a tissue particular immune niche, as well as every niche
having its specificities to deal with microenvironmental signals. Of
these innate immune cells, macrophages have been the ones that have
been studied the maximum (25% of AT innate immune cells)* 20-
35% of nonparenchymal hepatic cells in the liver,”” and almost 90%
of immune cells in pancreatic islets.?®
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Figure | Evolution of Type-2 Diabetes. Following a metabolic hit, inflammation is at the initial steps of developing type-2 diabetes (T2D). Peripheral insulin
resistance develops in tandem with increasing inflammation. Insulin resistance is initially met by a compensatory response from the pancreas, producing more
insulin to maintain normoglycemia (pre-diabetes). Over time, insulin producing B-cells can no longer cope with increased demand, and insulin production
ceases (B-cell failure).At this stage of persistent hyperglycaemia T2D is established.'®’

Polarization of macrophages-control of acute and
chronic inflammation

Initially macrophages got recognized by Metchinkoff as
phagocytic cells. They constituted part of myeloid lineage with
the capacity of rapid nonspecific responses for a wide variety of
pathogens. Phagocytosis is a cellular method related to innate immune
responses to pathogens, is key for the clearing of cellular debris, tissue
repair, as well as manteinance of tissue homeostasis throughout the
organism. These tissue—resident macrophages, form via progenitors
within yolk sac, fetal liver as well as circulating monocytes
which get origin via bone marrow (BM).” During physiological
circumstances, tissue—resident macrophages exert critical part in the
integrity sustenance as well as homeostasis of the particular tissues.
In response to environmental cues, macrophages, rapidly respond

as well as thus adapt their function, they detect alterations in their
microenvironment via cell surface receptor getting engaged. Basic
receptors that convey environmental signals are toll like receptors
(TLR’s) that form part of the larger family of PRR. Ligating TLR’s/
PRR by damage-associated molecular patterns/pathogen—associated
molecular patterns (DAMP/PAMP) existing in the microenvironment
stimulated transcriptional programs within macrophages to bring
about an adapted functional phenotype.*® These transcriptional modes
have been well known, macrophages further adapt their cellular
metabolism for meeting the bioenergic needs and get out maximum
effector function.’! This has got a lot of limelight in current research.
Currently the dichotomy utilized for telling the Polarization states of
macrophages is like M1 is a proinflammatory or classically activated
vis a vis M2 the anti-inflammatory or alternatively activated Figure 2.
This knowledge comes via typel as well as type 2 immune responses
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that are canonically related to signaling molecules that get liberated
on polarization. Macrophage signaling further polarizes the adaptive
immune compartment for manteinance of chronic T helper (Th1/17
or Th2 response. M1 State correlates with typel responses as well
as synthesis of proinflammatory mediators correlated with bacterial
or viral responses. M1 Macrophages possess robust microbicidal as
well as AP capabilities. They synthesize proinflammatory cytokines
that are very powerful like Tumor necrosis factor alpha (TNF-a),
Interleukin (IL-6), IL-1p, as well as reactive oxygen species (ROS).

M2 Macrophages produce type 2 signaling, specifically in response
to extracellular pathogens (helminthes, parasites), synthesizing
anti-inflammatory cytokines like IL-10 as well as transforming
growth factor beta (TGF—f). M2 Polarization is also thought of as
a pro-resolution response that correlates with the latter parts of
inflammation that is resolving. This adaptive immune system properly
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goes through Th2 Polarization that manufacture regulatory as well
as remodeling cytokines like IL-4, IL-5 as well as IL-13. Hence
the immunoregulatory response occurs secondary to specialized
regulatory T cells (Treg) subpopulation. The pro-resolution effect
can come out as scarring or tissue remodeling, which if abnormal
lead to tissue fibrosis, type2 effector molecules further also escalate
allergic responses.’ Despite this classification, a continuing diverse
response as well as macrophage phenotypes. Innovative functional
classifications show Polarized Macrophages along a sliding scale
between M1 as well as M2 based on their chemokine/cytokines
liberation, transcriptional factor engagement as well as recently on the
cellular metabolic phenotype.*® The increase of single cell sequencing
as well as mass cytometry (CyTOF) have travelled a long way to
help in divergence of functional separation as well as plasticity of
Macrophages* Figure 2 & Figure 3.
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Figure 2 Adipose tissue macrophages (ATMs) classification. ‘M0’ macrophages originate from bone marrow-derived monocytes or yolk-sac progenitors.
Depending on the stimuli, studies in mice have demonstrated that ‘M0’ macrophages differentiate into several subsets. Based on in vitro experiments, ‘M|’ or
‘classical activated’ macrophages (CAMs) originate from the stimulation with lipopolysaccharide (LPS), interferon (IFN)-c or tumor necrosis factor a (TNF-a).
These macrophages are characterized by an IL-12high, IL-23high and IL- | Olow phenotype, display the surface marker CD1 I c in addition to F4/80 and CD1 Ib,and
produce pro-inflammatory mediators like TNF-a, IL-6, IL-Ib and nitric oxide (NO).‘M2’ or ‘alternatively activated’ macrophages (AAMs) are macrophages with
an anti-inflammatory phenotype derived from IL-4, IL-10, IL-13 and glucocorticoids stimulation. M2 macrophages exhibit an IL-10high, IL-12low and IL-23low
phenotype, express the cell-surface markers CD1 Ib, F4/80, CD30| and CD206, and secrete IL-4,1L-10 and IL-| receptor antagonist (IL-|Ra).‘M2’ macrophages
are further divided into three major variants: ‘M2a’, elicited by type Il cytokines IL-4 or IL-13; ‘M2b’, obtained by triggering of Fc gamma receptors in the
presence of a Toll receptor stimulus; and ‘M2c’, elicited by glucocortocoids, IL-10 or TGF-b. In obese setting, metabolic cues (e.g. free fatty acids, high insulin, high
glucose, oxidized phospholipids, oxidized LDL) give rise to a population of metabolic activated (MMe) or oxidized (Mox) macrophages associated to an insulin-
resistant state. For instance, saturated fatty acids, which are released from hypertrophied adipocytes during the course of obesity, can act as a danger signal to
MMe macrophages via the TLR4 complex. MMe macrophages exhibit a phenotype strikingly different from the typical M1/M2. Cell-surface proteins specifically
overexpressed by MMe macrophages include ABCA|, CD36 and PLIN2, while conventional M1/M2 markers are suppressed. Mox macrophages are characterized
by high expression of heme oxygenase-1 (HO-1), sulforedoxin-1 (Srnx-1), thioredoxin-| reductase (Txnrd-1), all redox-regulatory genes under the control of
the Nrf2 transcription factor, IL-10 and VEGF.'*
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Obesity-Driven Changes in Adipose Tissue
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Figure 3 Obesity-driven changes in adipose tissue-associated macrophages (ATMs). In lean adipose tissue (AT), eosinophils and type 2 innate lymphoid cells
(ILC2s) constitutively produce Th2 cytokines interleukin-4 (1I-4) and interleukin-13 (Il-13), respectively, which promote anti-inflammatory polarization of
macrophages.As adiposity increases, obese AT manifests adipocyte hypertrophy, which leads to hypoxia, endoplasmic reticulum stress and lipotoxicity resulting
in excessive leptin, cytokine and chemokine secretion. Among others, monocyte chemotactic protein-1 (Mcp-1) induces Ly6C+ monocytes recruitment giving
rise to tissue macrophages. Recruited macrophages, increased in number due to augmented infiltration and local proliferation, undergo a drastic change

in distribution, forming crown-like structures (CLSs) around dead adipocytes. Additionally, they adopt a differential spectrum of functional properties and
transcriptomic programming more prone to inflammation and metabolic dysregulation.This includes increased production of pro-inflammatory cytokines and

other secretory products.'®®
Metabolic physiology as well as pathology-role of
tissue macrophages

Good interaction among insulin signaling as well as insulin target
tissues like pancreas, AT, liver as well as skeletal muscles are the
ones responsible for sustenance of metabolic homeostasis following
physiological challenges which cause transient difference in
glycaemia, lipaemia like in fasting or feeding.’> IR suggest transient
or partial loss of interaction among tissues, when insulin target tissues
get resistant to insulin signaling, even following early compensation
via pancreas. T2D represents a stage when total loss or near loss of
communication occurs when insulin synthesis does not meet body’s
needs of controlling glycaemia. All of these tissues have its own
specific niche of macrophages having essential physiologic function
that sustain integrity of tissues, adapting at every stage of T2D
formation.?>-3>3 Tissue macrophages actions have been demonstrated
to be markedly strong regulators of insulin signaling, their sensitivity
as well as resistance Figure 4.

Macrophages from pancreatic islets

Pancreatic islets are the ones distributed throughout the exocrine
pancreas; represent micro-organs necessary for systemic glucose
homeostasis. Maximum of these Islets are composed of 3 cells that
respond to glucose within seconds by liberating proper levels of insulin
needed for appropriate energy supply to insulin sensitive tissues.
Innate immune cells form part of pancreatic Islets also. In case of
steady state, Macrophages represent the instant immune cells in both
mice as well as humans.?®*7*® Following greater than 20yrs of their
finding, islets macrophages phenotype is still not known. Converse to
adipose tissue macrophages (ATM) as well as liver macrophages islets
macrophages don’t stick to M1 as well as M2 polarization paradigm
related to metabolic protection as well as dysfunction, respectively.
Actually M1 indicators (like CD1lc, MHC II) get constitutively
expressed by macrophages on healthy pancreatic Islets, along with
the high expression of IL-1p, TNF-a as well as other proinflammatory
transcription factor interferon regulatory factor (IRF)-5 in the
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same.?®37% Further no expression of M2 pointers (CD206), as
compared to stromal Macrophages of the exocrine pancreasis are
seen.’” Role of islets macrophages with regard to islets homeostasis
has only started to gain significance. Imaging done in situ showed
that macrophages are very near to both B cells as well as vasculature,
in mice.”’ Islets Macrophages are the ones that keep checking the
B cells insulin secretion relating to glucose by finding endogenous
ATP which gets released along with insulin.* Macrophages, in turn
might directly stimulate or escalate insulin secretion via production
of factors like retinoic acid.?® In contrast to any other tissues  cells
express the maximum IL-1 receptor 1 (IL-1R1)that markedly points to
aphysiological part of IL-1 in  cells function.*> Now it is well known
that that acute but not chronic exposure to IL-1p stimulates insulin
secretion in mice as well as humans.* Basic mechanism is not known,
although might have a greater than insulin granule docking at the

Physiology

Insulin resistance
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plasma membrane following escalated exocytosis.** For corroborating
this posit using transgenic murine models B cells targeted removal of
IL-1R1 interferes with peripheral glucose tolerance through decreased
glucose stimulated insulin secretion via 2 studies.* Others show that
feeding stimulates a physiological enhancement of circulating IL-1,
that further escalates insulin secretion.”® It was said that peritoneal
macrophages are the ones responsible for IL-1f secretion, that
responded in response to glucose metabolism as well as bacterial
products, liberated IL-1p, which then in turn stimulated the f cells.®
It is not yet been sure that probably Islets resident macrophages might
also synthesize IL-1B Post prandially, actually these macrophages
might turn out to be the major IL-1f source in Islets microenvironment.
In to these findings prove that physiological IL-1p amounts have a key
role in exaggerating insulin secretion.

Type-2 diabetes
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Figure 4 Break down of insulin secretion and sensitivity in type-2 diabetes. At the physiological state glycaemic homeostasis is maintained by efficient
communication between the insulin secreting organ, the pancreas,and insulin target organs (adipose tissue and liver).All tissues are populated by their respective
tissue macrophages that participate in maintaining tissue homeostasis and physiological function. Insulin resistance is a breakdown of communication at insulin
target tissues.At the onset of insulin resistance, macrophages accumulate in adipose tissue and pancreatic islets. Crown-like structures develop in adipose tissue
with heterogeneously polarized macrophages and a decrease in adipocyte insulin sensitivity. Pancreatic islet size increases with increased f-cell number and
increased macrophages. Increase in -cell number allows compensatory insulin release to overcome insulin resistance. Increasing insulin resistance and systemic
inflammation result in B-cell failure when insulin secretion no longer compensates for resistance and persistent hyperglycaemia develops. At the stage of type-2
diabetes, a complete breakdown in inter-organ communication occurs, insulin secretion drops and inflammatory macrophages permeate adipose tissue and the

liver. Chronic inflammation, hyperglycaemia and dyslipidemia lead to the development of non-alcoholic steatohepatitis.

Greater insulin synthesis is needed in case of obesity for
manteinance of amounts of glucose. Due to this both the B cells
numbers as well as Islets size escalate, by local proliferation of
earlier existent B cells mainly Figure 3. Here in slow collection of
macrophages might participate significantly in B cells adapting to
early rise of weight as well as insulin resistance (IR) formation .This
way B cells might allow B cells mass expansion as well as needed
angiogenesis in the 1st wk of high fat diet (HFD) as well as initial
adapting of young db./db mice. Actually in case of macrophages
removed mice displayed less than B cells proliferation rate, reduced
insulin secretion as well as altered glucose tolerance as compared to
controls.* This enhancing of B cells proliferation by islets macrophages
is brought about by platelet derived growth factor receptor (PDGFR)
signaling path.¥” On obesity becoming chronic, ultimately insulin
secretion does not compensate regarding enhanced insulin needs,

189

ending in hyperglycemia as well as T2D.The B cells failing
correlates with local inflammation of the Islets as well as synthesis
of inflammation effectors(IL-1p3, TNF-a ,CCL2).3424748 Tywo separate
subsets of macrophages have been isolated within the islets; resident
macrophages as well as proinflammatory macrophages. Islet resident
macrophages (CD11b+Ly6C- or F4/80 highCDl1l1clow) are high at
steady state while proinflammatory macrophages (CD11b+Ly6C+ or
F4/80lowCD11chigh) collect in the course of obesity formation.*’*
Whereas CD11b+Ly6C+ macrophages get recruited via monocytes,
the F4/80 lowCD11chighmacrophage replicate in situ. Regarding
this chlodronate liposome macrophage removal rescues glucose
stimulated insulin secretion in models of genetic as well as palmitate
stimulated obesity in mice.*? Intriguingly even following escalation
of islets macrophages amounts diet induced obesity (DIO) does not
influence macrophages phenotype.’’#” Other source of inflammation
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factors which might take part in islets inflammation is endocrine cells
themselves that has B cells as well. Actually RNA seq of Islet cells
from T2D patients showed an inflammation signature correlated with
B cells dysfunction relative to Islet cells from healthy controls, which
was thought to be secondary to not only immune cells but to endocrine
cells as well ,fuelling this local inflammation.*” These outcomes a
little contradicting, point that islets macrophages are not the only ones
causing inflammation of islets in obesity .Thus greater studies are
needed for full definition of their phenotypes and to evaluate the role
that immune cells might have like innate lymphoid cells (ILC) as well
as their probable part in control of insulin secretion as well as 3 cells
mass expansion.’®

Macrophages from AT-metabolic homeostasis

Physiologically AT controls longtime energy stores, appetite via
endocrine signaling as well as body temperature in case of brown
adipose tissue (BAT). Adipose Tissue Macrophages (ATM), usually
express an M2 profile during steady state during physiological
conditions. They express mannose receptor CD206, CD301 along pan-
macrophage markers like F4/80 in mice, CD14 (in humans) CD68 as
well as CD11b. ATM homeostasis signaling has expression of arginase
(ARG1), IL-10, as well as other type2 effectors and catecholamines.
The transcription factor PPAR-y'is expressed greater in these cells as
well as regulates oxidative metabolism ability to deal with a lipid-rich
environment. In this niche ATM’s crosstalk with other immune cells
as well as give signals regarding stimulation as well as repression of
B as well as T cells, neutrophils, NK cells, as well as ILCs.>* ATM’s
control tissue Homeostasis by removal of adipocytes that are in
process of death as well as dead cells, the efferocytic mode sustains
an anti-inflammatory environment. Actually murine AT that presents
escalated dying adipocytes in view of targeted stimulation of caspase
8 have the property of enhanced number of alternately activated anti-
inflammatory macrophages (M2, CD206+), surrounding both dead as
well as dying adipocytes.*! This group of cells surrounding adipocytes
in a ring like structure is known as crown like structures (CLS). In
lean AT CLS are occasional. During physiological changes, AT
homeostasis gets challenged every day during feeding times, hence
expansion as well as storage of lipids, or mobilization of lipids that are
stored during fasting or cold exposure. Escalated lipid buffering ability
is present in ATM’s which aids in capturing of lipids liberated by dead
adipocytes, even at the time of physiological conditions like weight
loss, fasting stimulated lipolysis,* or thermogenesis.*® Intriguingly,
in case of obesity macrophages-related excess lipid capture controls
systemic glucose tolerance. Lipids get stored within macrophages and
get liberated into circulation in a regulated way>* Figure 2 & Figure 3.

This lipid buffering ability of ATM’s prevents ectopic lipid getting
preserved, proinflammatory collection of lipids as well as systemic
lipotoxicity/dyslipidaemia. Within M2 macrophages of AT lysosomal
activity gets stimulated for dealing with environmental lipid overload.
Intriguingly, inhibiting lysosomal biogenesis and hence lipid
collection as well as catabolism within ATM’s reduces adipocytes
lipolysis.” Innovative pathways of lipid liberation independent of
canonical lipolysis have been shown. Adipocytes liberating exosome—
sized lipid enriched vesicles that have to be picked up as well as stored
via ATM’s.% This lipid capture gets aided by ATM’s expressing FA
transporter (CD36) as well as lipid scavenger receptor MSRI.> Most of
insight regarding macrophages crosstalk with environmental lipids as
well as their modes of stimulation have arrived via the atherosclerosis
field as well as studying the foam cells. Actually initial work done by
Nagy et al.,’” emphasized on the significance of receptors like CD36,
letting macrophages to internalize oxidized lipids that in turn work
as nuclear receptor ligands (PPARY here). These Nagy et al.,”” modes
turned out to be the first to bring about connection between metabolic
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stress, transcriptional control as well as phenotypical plasticity. ATM’s
part in thermogenesis is a budding topic as well as pathways causing
stimulation of ATM’s are under evaluation.® An innovative population
of macrophages having role in AT thermogenesis has been isolated,;
namely sympathetic neuron correlated macrophages (SAM).*® These
SAM vary morphologically from ATM’s as well as are located at the
fibers of the sympathetic nervous system in AT. In contrast to ATM’s,
SAMs possess molecular apparatus for uptake as well as catabolism
of norepinephrine that blunts catacholamine stimulated lipolysis.
ATM’s further possess part in iron homeostasis, where intracellular
iron is a source of free radicals as well as cofactor for a lot of proteins.
25% of macrophages via lean AT are thought to be ferromagnetic.i.e.
iron loaded, with this percentage decreasing with obesity.” Recycling
of iron via ATM’s aids in AT homeostasis, where an up regulation of
iron-associated genes takes place at the time of adipogenesis, with an
extra iron causing adipocytes IR.%

In adipogenesis, a greater direct part is played via ATM’s, where
alternatively activated macrophages (AAM) via a niche for the
formation of adipocytes as well as in vascularization of AT.®! The
collection of M2 ATM’s in the CLS surrounding dead adipocytes
results in the pre adipocytes recruitment via response to osteopontin
(OPN). But recently it was shown that M2 like ATM’s inhibit the
replication of adipocytes progenitors via TGF 3 signaling. A significant
study via Bourlier et al.,*! showed that subcutaneous ATM’s are the
predominantly CD206+), being a main source of matrix degrading
enzymes, and thus they become main source for tissue remodeling.
Secreted factors via ATM’s were observed to be aiding angiogenesis
as well as inhibit adipogenesis in stromal vascular fraction (SVF)
progenitor cells.®! Regulation of angiogenesis is crucial in sustenance
of tissue homeostasis since it limits hypoxic sites and ensures proper
irrigation giving nutrients as well as O2 to the microenvironment . This
work displays that ATM’s are basically protective as well as in early
stages of caloric overload, aid in coordinating AT adaptation.®' Lastly
AAM have the property of synthesizing IL-10, an anti-inflammatory
cytokine significant for modulation of insulin sensitivity.®> Actually
IL-10 therapy enhances global insulin sensitivity in vivo® as well
as its expression is positively associated with insulin sensitivity in
humans.* Intriguingly haematopoietic removal of IL-10 does not
promote obesity nor are IR, pointing that other factors as well as
pathways there for manteinance of metabolic health.®> Moreover
ATM’s can liberate exosome possessing miRNA like miR155, which
controls insulin sensitivity. These ATM’s derived exosome from lean
mice improve glucose intolerance as well as insulin sensitivity when
given to obese mice.®

Metabolic inflammation-AT macrophages

There is complicated etiopathology of obesity that further
becomes etiological regarding IR as well as T2D. Basic cause
of obesity is chronic imbalance among energy expenditure (EE)
as well as food intake (FI) that causes low grade inflammation.
Chronic low grade inflammation is the one mostly detailed as Meta
inflammation, initiating point of whom lies in ATM. In obesity
collection of inflammatory ATM takes place in obesity, having a
critical part in the pathogenesis of obesity stimulated IR*** Figure 4.
Inflammatory ATM’s are equivalent to M1 macrophages and isolated
as F4/80+CD11b+cells ,that are also positive for CD11c as well as
overexpress 1L-6, TNF-a, iNOS as well as C-C chemokine receptor
2 (CCR2). ATM accumulation occurs during obesity initially due
to in situ replication at CLS, followed by recruitment of circulating
monocytes which differentiate into inflammatory macrophages.®” First
proliferative phase is secondary to IL-4 signaling via signal transducer
and activator of transcription of (STAT)-6. Infiltrating Macrophages
escalate on CCL2 signaling to monocytes. Variety of studies has
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shown the significance of CCR2/ CCL2axis in getting circulating
monocytes recruited.®® Further migratory ability of Macrophages gets
affected by obesity. Actually, Netrin-1, a laminin associated molecule
which we know has chemoattractant/repulsive characteristics, gets
stimulated via palmitate .It inhibits ATM’s migratory ability towards
lymph nodes and hence aids in ATM’s collection in situ.®” The lipid
buffering ability of ATM’s in early dysmetabolism is advantageous
since it escalates lysosomal program related to M2 macrophages.**
the excess of lipids within ATM’s influences their polarization towards
an M1 phenotype.” Single cell transcriptomics methods corroborate
the heterogeneity of the ATM’s that finds 3 kinds of macrophage
populations within obese AT. Resident macrophages (F4/80low)
expressing CD206 are sustained in obese AT while Ly6C expression
is the property of newly recruited macrophages (also F4/80Hi). The
proinflammatory subset containing lipid laden macrophages in CLS
possess the property of expressing CD 97! Jaitin et al.,”® corroborated
the phenotype as well as presence of CD 9+ lipid laden macrophages
at the CLS. As per them CD 9+cells prevent inflammation as well
as adipocytes hypertrophy through the lipid receptor TREM2.* By
proteomic evaluation also found particular ATM markers stimulated
via stimuli that reproduced the AT microenvironment via palmitate,
insulin, as well as high amounts of glucose.” This activation of ATM’s
produces metabolically activated macrophages (Mme), that is both
function as well as phenotypically separate from classically activated
M1 macrophages. The significance of proinflammatory ability of the
newly recruited ATM’s in the formation of obesity is well known.
Activated macrophages surround dead adipocytes and fuse resulting
in development of multinucleated giant cells,” which stands out with
chronic inflammation as a hall mark as well as is associated with
IR.™ Ablating CD11c+cells at the time of obesity was demonstrated
by Patsouris et al.,”” to restore insulin sensitivity by reduction
of inflammation markers.”” Interferon regulatory factor 5(IRF5)
represents a proinflammatory transcription factor, mostly limited to
CDllc+cells ,that stimulates macrophages Polarization towards M1
phenotype™ as well as is specifically induced within ATM’s in diet
induced obesity (DIO).”7®

Macrophages from liver-metabolic homeostasis

Resident macrophages in Liver, also known as Kupffer cells
(KC’s) constitute upto 80-90% of total body macrophages population
with the property of expression of canonical macrophages markers
(F4/80, CD14, CD68, CD11b) along with C type Lectin (Clec)-4F.
Clec-4F represents a marker of genuine KC’s which are functionally
separate, specific as well as self-renewing resident macrophages.”™
KC’s are part of the Reticulo Endothelial system of the live, present
near the blood vessel’s within lumen of hepatic sinusoids, along with
regulate proliferation besides apoptosis on injury in addition to at
steady state they clear blood of old erythrocytes as well as recycle iron
by degradation of Haemoglobin.®® Their presence is as per adapting to
their role in clearing portal blood of pathogens, microorganisms, as
well as cellular debris.®! They select as well as remove debris through
blood via scavenger receptors as well as canonical PRR’s present on
the cell surface .Significantly, KC’s put immune tolerance in the liver,
an organ that is all the time exposed to antigen’s as well as bacterial
endotoxins via intestine In addition to portal blood. KC’s maintain
anti-inflammatory environment by different ways: liberation of IL-
10, low expression of MHC-II as well as high expression of PDI,
that limits antigen Potentiation ability with a strong inhibition of
Tcells response.® Intriguingly even on IFNy priming, KC’s stimulate
different types of Tregs by specific immunoregulatory subset of Tcells
which sustain immune tolerance.®? At steady state KC’s have minimal
crosstalk with distant non immune cells since they are not typically
motile cells. On need of micro environmental inter communication;

Copyright:
©2021 Kaur etal. 12

KC’s liberate cytokines for signaling monocytes to differentiate into
macrophages.*

Metabolic inflammation-liver macrophages

Once there is extension of inflammation via AT it results in
escalation of proinflammatory mediators within the circulation and thus
escalation in obesity. IR, constant glucolipotoxicity as well as systemic
inflammation go parallel with ectopic lipid fat accumulation, main site
of that being liver. In cases of obesity as well as T2D varying changes
take place in liver extending from benign steatosis to fibrosis as well as
cirrhosis® reviewed.? These are referred to as nonalcoholic fatty liver
disease (NAFLD), in which this lipotoxicity, inflammation as well as
fibrosis represent the greater than advanced stages of nonalcoholic
steatohepapititis (NASH). Role of liver macrophages, KC’s are crucial
in the propagation of NASH, in view of their proapoptotics as well as
proinflammatory responses towards lipotoxic hepatocytes as well as
their ability of activation of matrix producing hepatic stellate cells
(HSC’s). This ectopic lipid fat accumulation stimulates activation of
immune cells as well as an inflammatory environment that stimulates
IR. Intriguingly, when a nonbiased transcriptomic signature evaluation
was done, no variations as far as expression of genes correlated with
proinflammatory signatures, among liver Macrophages via lean as
well as obese (same data obtained from mice fed 9 wks of high fat diet
(HFD). Metabolic alterations do not correlate with a proinflammatory
stimulation of liver macrophages.®* But the transcriptomic signature
varies among different benign steatosis stage to that of NASH.
During the conversion from steatosis to NASH, liver macrophages
attack lipotoxic hepatocytes and thus stimulation of apoptosis as well
as signal to HSC’s for stimulation of their activation.*® Chronically
damage to liver will end in fibrosis with extensive scarring response to
dead or dying hepatocytes, with continuing fibrosis influencing liver
function.®® At the NASH stage liver Macrophages pool is markedly
heterogenous, with M1 like macrophages stimulating hepatocyte
apoptosis, while M2 like macrophages aid in HSC’s activation as
well as fibrogenesis.®** The pro inflammatory transcription factor
Interferon regulatory factor 5 (IRF5) has been demonstrated to have
a key part in liver macrophages, that brings about the shift from
benign steatosis to NASH. Hepatoprotection occurs once IRFS5
expression is blunted via early up regulation of anti-apoptotic as well
as immunoregulatory signaling, escalating Treg differentiation as
well as IL-10 liberation on hepatocellular stress.*> Current research
is trying to get insight into potential non inflammatory or no immune
signaling efferent from KC’s, especially effector molecules like
insulin like growth factor binding protein -7 (IGFBP-7), controls
insulin sensitivity in relation to obesity.%

Development as well as manteinance of macrophages
polarization in T2D

Currently trying to define extracellular metabolic as well as
molecular signals related to macrophages Polarization in metabolic
inflammation as well as IR, is being actively worked .The Candidate
metabolic immunogens that might be candidates are lipids, hypoxia,
cell death as well as stress.’>”>%" In genetically obese mice 90% of
adipose tissue macrophages (ATM’s) surround dead adipocytes in fat
depots,* that points that dead adipocytes are the ones that contribute
to damage associated molecular patterns (DAMP’s) which results in
crown like structures (CLS) development and/or collection of ATM’s.
Further hypoxic areas exist in obese AT along with expression of
hypoxia related genes, that include hypoxia inducible factor 1
alpha (HIF 1-0).This transcription factor further facilitates the
proinflammatory abilities of ATM’s in relation to obesity.* Moreover,
lipolytic products as well generally lipids whose levels are escalated
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in obesity are very good candidates for stimulation of inflammatory
response in ATM’s. Nutritional Fatty acids activate TLR-4 in
Macrophages which states signaling pathways.” Triglyceride-rich
lipids like palmitate or very low density lipoprotein (VLDL) activate
macrophages, those up regulate intracellular amounts of ceramides and
further accelerate proinflammatory responses.”’ These modes activate
NLRP3ASC inflassome that states caspase 1 modulated cleavage of
pro IL-1f as well as pro IL-18 into their active states. Intriguingly
saturated Fatty acids like palmitate have been demonstrated
to activate the NLRP3 inflassome via an AMPK-autophagy—
mitochondrial-ROS signaling axis, resulting in liberation of IL-1f
as well as IL-18.”2 Notably this IL-1p liberation by itself correlates
with insulin resistance. Actually IL-1B avoids signaling via Tumor
necrosis factor alpha dependent as well as in dependent modes.”* On
getting established these proinflammatory environmental factor, the
formation of proinflammatory cytokines which recruit monocytes
as well as other immune cells which maintain low grade chronic
inflammation. Proinflammatory cytokines represent crucial factors in
disrupting insulin signaling resulting in IR.** They work via paracrine
modes on insulin sensitive cells like adipocytes. Physiologically,
On insulin binding to its receptor the phosphorylation of tyrosine
residues of insulin receptor substrate 1 (IRS1) activates intercellular
signaling pathways bringing about insulin action.” With regards to
metabolic inflammation, JNK1 as well as IKK have the ability of
influencing insulin signaling by phosphorylation of inhibitory serine
/threonine residues of IRSI,thus disrupting insulin signaling.”® On
the same hand, pathways involving JNK1 as well as IKK might be

Copyright:
©2021 Kaur ecal. 13

also signals via IKK f as well as NFkB, stimulates IR by repressing
IRS1 expression at both transcriptional as well as post transcriptional
levels.” IL-6 signaling inhibits insulin sensitivity via separate modes
that involve JAK-STAT pathway which regulates the transcription of
its own suppressor, called suppressors of cytokine signaling (SOCS3).
High amounts IL-6 stimulate greater than expression of SOCS3 that
physically cross acts with tyrosine phosphorylated residues and this
inhibits IRS1 binding to the insulin receptor.”®

Macrophages polarization-metabolic modes

Just like any other cell Macrophages possess their own Metabolic
needs and are dependent on similar bioenergetic pathways like
the no immune cells—which are widely divided into glycolytic or
mitochondrial Figure 5. Besides proinflammatory signaling as
well as transcriptional regulation, cellular metabolism is getting
recognized for its crucial role that it has in macrophages terminal
differentiation. Metabolic pathways mobilization besides producing
energy, further influences the degree of Macrophages effector
function.' Initial studies on immunometabolism gave basic modes
that fuel Macrophage in models systems having canonical activators.
These studies aided in proper correlation of bioenergetic profiles to
polarization status. Recent work is further working on this basis by
evaluation of bioenergetic profiles as well as metabolic adaptations of
tissue particular macrophage niches under both Physiological as well
as pathological scenario and in response to varied stimuli. Funnily, the
metabolic classification of macrophages was initially done with the
Ist seeing that M2 macrophages were able to metabolize arginine.”

activated via binding of fatty acids (FA’s) to TLR’s. Further IL-1f that

NLRP3 PPP uPFK!
Inﬂ.ummasome
M1 macrophage .G'.‘“”ﬁ“. PKM2
e \ .... - | -pp' 3 |
kY
oLuT N - !
ki H I( e PR F1 58P [
= »0%___ No.RoS, s
A cue™™" pcatyl.Co [
ot Srte HF1 |RF5 |
o A Y i |
@ TCA @ - - |
LY s ™ -~ .-
_________ o
oo * P %~ Inflammation, GLUT1,
Succinate Glycolysis enzymes |
IL-4 IL-4Ra g n -
Eoay ACLY . PPARY RE
£ * Fatty acid
o synthesis 1
ol |
g . j i
o e CARKL  fmen s
S A
M2 ph ; ._.
macrophage !
O}(PHS . TCA 0 !
vy §

Figure 5 Metabolic mechanisms of macrophage polarization. M| macrophages are characterized by predominantly glycolytic metabolism. Glycolysis consists
of breaking down a 6-carbon glucose molecule (where each carbon is depicted as a blue circle, white when phosphorylated) into 3-carbon sugars then into
pyruvate, ATP, NADH, and H+.The transcriptional programme that supports glycolysis is mediated by HIFI and at least in part by IRF5.A Glucose substrate
is provided by increased expression of the glucose transporter GLUT |. Meanwhile several glycolytic enzymes undertake non-canonical roles to support Ml
effector functions.The mitochondrial tricarboxylic acid (TCA) cycle is disrupted, leading to accumulation of citrate and succinate which also enhance M1 effector
function. The M2 macrophage has a fully intact TCA cycle, enhanced OXPHOS and increased mitochondrial biogenesis. ATP citrate lyase (ACLY) is activated
downstream of IL4 signaling and enhances M2 effector functions through epigenetic mechanisms and producing substrates for lipogenesis. The sedoheptulose
kinase (CARKL) represses the pentose phosphate pathway (PPP).Transcriptional programmes for M2 macrophage metabolism are mediated by PPARy and
LXR. GLUT, Glucose transporter-1; HK, Hexokinase; NLRP3, NACHT, LRR, and PYD domains-containing protein; OXPHOS, oxidative phosphorylation; TCA,
tricarboxylic acid cycle; PPP, pentose phosphate pathway; uPFK2, ubiquitous phosphofructokinase2; PKM2, pyruvate kinase isozyme 2; G6P, glucose-6-phosphate;
F6P, fructose-6-phosphate; FI,6BiP, Fructose-1,6-biphosphate; G3P, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; NO, nitrous oxide; ROS,
reactive oxygen species; CoA, Coenzyme A; HIF I, hypoxia-inducible factor I;IRF5, interferon regulatory factor 5; IL-4, interleukin 4; IL-4Ra, IL-4 receptor alpha;
ACLY,ATP-citrate lyase; CARKL, carbohydrate kinase like/sedoheptulose kinase;Ac, acetylation mark; PPARy, peroxisome proliferator-activated receptor gamma;
LXR, liver X receptor; SREBP, sterol regulatory element binding protein; PGC-1f3, PPARy coactivator |-beta.'®

Citation: Kaur KK,Allahbadia G, Singh M.Targeting macrophage polarization for therapy of diabesity—the feasibility of early improvement of insulin sensitivity
and insulin resistance-a comprehensive systematic review. | Diabetes Metab Disord Control. 2021;8(1):6-25. DOI: 10.15406/jdmdc.2021.08.00216


https://doi.org/10.15406/jdmdc.2021.08.00216

Targeting macrophage polarization for therapy of diabesity—the feasibility of early improvement of insulin

sensitivity and insulin resistance-a comprehensive systematic review

Proinflammatory macrophages-metabolicadaptations

The increase in glycolytic activity of proinflammatory
macrophages was seen a lot of decades back,' although the insight
into the mode as well as its physiological importance have been
only recently clarified. This has great importance in Macrophages
Polarization towards an M1 phenotype Figure 4. The metabolic
pathway that results in glucose converted to pyruvate is glycolysis via
10sequential enzyme catalyzed reactions. From this pathway ATP as
well as NADPH gets synthesized. Glycolytic Metabolism promotes
proinflammatory differentiation to aid in effective bacterial killing'®!
as well as liberation of proinflammatory mediators. Experimentally
preventing glycolysis utilizing 2Deoxyglucose (2DG) prevents the
proinflammatory macrophages response to LPS.'” Fast induction
of glycolysis gets escalated by up regulation of glucose transporter
1(GLUT 1)-expression.'® This shift toward glycolytic metabolism is
based on the transcription factor HIF 1-0.'* Its stability in hypoxic
situations facilitates anaerobic metabolism along with escalated
transcription of genes that code for glycolytic enzymes like, pyruvate
dehydrogenase kinase (PDK) and hexosekinase (HK) that catalyzes
glucose phosphorylation. Ubiquitous isoform of phosphofructokinase
(uPFK) gets induced in M1 Macrophages by an HIF 1-a independent
mode. Although uPFK is a greater than active form of PFK 2, its
induction escalates glycolytic flux and facilitates the synthesis
of fructose 2, 6P2 that allosterically activates PFK1, the enzyme s
catalyzing for glycolysis.'” Besides hypoxia inducible factor 1-alpha
(HIF 1-a) dependent modes, research of IRF5-risk variants document
that gain of function single nucleotide polymorphisms (SNP’s)
of IRFS (related to autoimmune diseases) escalated glycolysis as
well as inflammatory signaling, basally as well as in response to
LPS." Certain glycolytic enzymes possess noncanonical parts in
macrophages. Importantly pyruvate kinase is enzyme 2 (PKM2), that
gets induced via LPS'? is present in the form of a dimer. This dimer
might translocate towards nuclei and work as a cofactor for HIF1
Figure 4. Thus PKM2 takes part in a positive feedback loop with up
regulation of proinflammatory as well as glycolytic genes secondary
to HIF1 M1 activation.'”® Further HK1 can get inhibited via bacterial
products as well as subsequently dissociate from mitochondria, that
activates the NLRP3 inflassome as well as a downstream formation
of Proinflammatory cytokines.'” Although mode of resolving of
glycolytic programming have not been worked out, a recent work by Ip
et al.,'"”showed that IL-10 signaling causes anti-inflammatory actions
via inhibition of translocation of GLUT 1 towards the membrane.'"?
Besides being a substrate for glycolysis, glucose also fuels the pentose
phosphate pathway (PPP), needed for manufacture of nucleotides as
well as NADPH meant for ROS synthesis via NADPH oxidase. On
LPS stimulation as well as M1 polarization also induction of PPP
occurs.'

The tricarboxylic acid (TCA)/Krebs cycle represent a
mitochondrial metabolic pathway that aids in ATP synthesis and
thus provide substrates for the electron transport chain (ETC) which
supports oxidative phosphorylation (OXPHOS) Figure 4. Regarding
proinflammatory macrophages, this Krebs Cycle gets disrupted at
2 crucial steps 1) the collection of citrate because of reduction in
isocitrate lyase and ii) the collection of succinate. Citrate efflux from
mitochondria gets escalated in M1 macrophages. The collection of
citrate has functional importance for inflammatory polarization, being
needed for the synthesis of reactive oxygen species (ROS), NO, as well
as prostaglandins.'? Citrate further acts as a substrate for conversion
into acetyl CoA, thus, feeding fatty acid synthase (FAS) via ATP citrate
lyase (ACLY)."? Inhibition of FAS via silencing of FAS in myeloid
cells ,has been demonstrated to have protection against diet induced
IR that blocks recruitment of ATM as well as chronic inflammation in
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mice. Here lies the importance of lipid metabolism in the Polarization
as well as function of macrophages, as well as manufacture along with
composition of the plasma membrane.'* Ultimately the collection of
citrate results in reduction in the amounts of cisacotinate that is the
precursor of itaconate that has been a well detailed anti-inflammatory
intermediate. Itaconate’s anti-inflammatory actions get exerted via
inhibition of succinate dehydrogenase (SDH), ROS synthesis, as well
as liberation of proinflammatory cytokines. An itaconate negative
feedback loop has been detailed regarding lipopolysaccharide (LPS) as
well as [FNy stimulation where itaconate shut down the inflammatory
response.'’” Conversely succinate accumulation facilitates SDH
action as well as synthesis of mitochondrial ROS."¢ Succinate might
trigger the expression of IL-1f via stabilization of HIFla.'” Hence
proinflammatory macrophages have the properties of rise in glycolytic
activity as well as reduction in OXPHOS. Acute LPS treatment causes
a burst of oxidative metabolism in macrophages that enhances the
pool of acetyl Co A that becomes available. This corroborates histone
acetylation as well as downstream transcription of proinflammatory
genes.'"® Shutting down of oxidative metabolism, that is a hallmark of
M1 macrophages, takes place after prolonged LPS treatments. Lastly,
amino acids, the immunometabolism of which is relatively little
known can also get mobilized and effect macrophages polarization.
Like glutamine catabolism feeds the tricarboxylic acid (TCA) Cycle
by producing alpha-ketoglutarate that acts as a cofactor for histone
modifying enzymes that are involved in macrophage differentiation.!?
Arginine is also metabolized to L-citrulline as well as a NO by iNOS
that facilitates killing of bacteria.

Anti-inflammatory macrophages-metabolic
adaptations

Mitochondrial respiration predominates in the M2 polarized state.
M2 macrophages possess intact, totally functional TCA Cycle with
escalated OXPHOS Figure 4. Both mitochondrial biogenesis as well
as fatty acid oxidation (FAO) are escalated in a PPARy-coactivator-
1B (PGC-1p)-dependent method.'* As FAO is the basic source for
substrates, glycolysis fuelled OXPHOS is not needed for manteinance
of M2 macrophages.'?! The molecular mode that connects metabolic
adaptations of M2 macrophages to their functions in tissue
homeostasis are mostly not evaluated. Intriguingly IL-4 activates
ACLY, escalating substrate formation for histone acetylation. This
epigenetic modification allows the transcription of specific M2
genes.'”? Other probable modes involve the carbohydrate kinase
like protein (CARKL) a sedoheptulose kinase which controls PPP.
CARKL gets down regulated in response to LPS as well as expressed
greater with IL-4 stimulation.'”® CARKL activity inhibits the PPP in
the M2 state Figure 5. Glutamine Metabolism further has a big part
in M2 Polarization. With IL-4 stimulation expression of Slcla5, that
is a glutamine transporter, gets escalated.'” Glutamine catabolism
besides glucose metabolism, results in development of UDP-GIcNAc
which supports N glycosylation, a process needed for the expression
of variety of M2 markers.'” Lipid synthesis that gets modulated by
LXR is in centre of M2 effector function as well as resolution of
inflammation.'”® On Proinflammatory activation, LXR dependent
lipogenesis gets inhibited. Since LXR is a prolipogenic nuclear
receptor as well as transcription factor, it later involves SREBP1 to
modulate the formation of anti-inflammatory lipids like eicosanoids,
resolve’s.'”’

Analyzing metabolic adaptations of resident
macrophages of tissues as well as insulin resistance

The basic findings regarding macrophage bioenergetics were mostly
determined with use of ex vivo modeling systems (like murine bone
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marrow (BM) or human monocyte derived Macrophages) as well as
in response to known polarizing agents. Although they are applicable
to most of macrophages, typically infiltrating macrophages responses
towards complicated metabolic stimuli as well as heterogeneity of
tissues resident macrophages needs to be worked out. Tissues resident
macrophages face a competition regarding nutrients, with normoxic
In addition to hypoxic areas besides crosstalk with other cells.
They produce a response to complicated stimuli instead of unique
stimuli. Bioenergetics adaptations of Tissues resident macrophages
in obesity as well as IR have to be still worked out. Significantly,
ATM’s of obesity possess a unique hypermetabolic profile with both
escalated glycolysis as well as OXPHOS as compared to lean ATM’s,
while sustaining a proinflammatory phenotype.'* More specifically,
the proinflammatory ability of the obese ATM’s is modulated via
glycolysis independent of HIF1a'?® This bioenergetic profile is also
separate from peritoneal macrophages, inspite of sharing of systemic
glucolipotoxicity that is brought in by obesity. These findings underlie
the specificity of metabolically activated macrophages as well as
ATM’s. Hypoxic areas form within AT on inappropriate expansion
in obesity as well as IR. Hypoxia as well as imperfect angiogenesis
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are luring modes causing macrophage metabolic activation as well
as their inflammatory Polarization. On the other hand the excess of
free fatty acids (FFA) or lipolytic products in AT makes for a nutrient/
substrates—rich micro environment. The action of this lipid loading on
macrophage metabolism as well as polarization needs to be evaluated
under hypercaloric situations. Like the action of obesity on macrophage
glutamine metabolism needs to be examined. Glutaminolysis is
reduced in the AT of obese subjects as compared to lean ones as well
as glutamine amounts in serum are reduced in patients having obesity
or diabetes, pointing that there is an influencing part of glutamine
metabolism in ATM’s Polarization.'”

Macrophage polarization-transcriptional regulation

Transcriptional Regulation regarding Macrophage Polarization
has been well examined downstream of toll like receptor (TLR)
ligation. Excellent studies found major TLR ligands along with
critical transcription factors which modulate inflammatory responses.
Alot of these pathways have been evaluated in metabolic diseases and
represent crucial mediators of macrophage activation in obesity; IR as
well as T2D Figure 6.
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Figure 6 Transcriptional mechanisms of macrophage polarization in T2D. M|
signaling is dependent of two adaptor complexes: Mal/TIRAP-MyD88 (TLR2 and
transcriptional programmes are engaged, IRF3 IRF5, AP, and NFkB have been s
downstream of cytokine and fatty acid receptor stimulation (also possible throu
STATs and nuclear receptors (LXR and PPAR). STATSs act as transcription factor:
MI transcription factors (M| TF).'®

Inflammation in T2D-TLR-dependent

Highly conserved transmembrane receptors namely TLR’s are
expressed both in along with on macrophages. This is secondary to the
evolutionary need for recognition of structurally conserved molecules
as well as pathogens.”*® Every TLR from TLR 1 to TLR3 can recall
specific ligands varying from LPS, to nucleic acids, viral particles
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as well as chitin. Besides their canonical part in host-defense,
various TLR’s are involved in metabolic inflammation as well as
IR.13! That way TLR’s can recognize besides infectious pathogens
via PAMP’s, metabolic stressors or DAMPs correlated with sterile
inflammation as well as glucolipotoxicity. The basic TLR’s involved
with diabetogenesis are TLR 2 as well as TLR4. When these 2 TLR’s
get engaged chronic inflammation as well as IR results via direct
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interference with insulin signaling.'® TLR 2 as well as TLR4 shares
common adaptor proteins in macrophages, the myeloid differentiation
primary response (MyD 88) protein as well as Mal/TIRAP which
recruit IRAK kinases on TLR binding as well as dimerization. IRAK
1, 2 as well as 4 downstream signaling activates NFkB as well as
activator protein 1(AP1). Further TLR4 activates other downstream
signaling as well. It represents the only TLR which forms complexes
with all adaptor proteins, Mal/TIRAP as well as MyD 88 for initiation
of early phase NFxB responses, the complex then gets endocytosed
along with endosomal TLR’s correlate with TRAM as well as TRIF
adaptors. Canonically TRAM as well as TRIF mobilizes the typel
interferon response that gets transcriptionally modulated via Interferon
regulatory factors (IRF’s). AP1 as well as late phase NF«kB activation.
Both early as well as late phase action is needed for manteinance of
synthesis of inflammatory cytokines.'* Coordination of actions of
TLR’s, adaptor proteins as well as kinases causes sustained activation
of 3 main transcriptional programmes, led by IRF’s, AP1, NF«B as
well as JAK-STAT.

Interferon regulatory factors (IRF’s)

In the beginning they were discovered for binding to virus —
inducible enhancer elements on Interferon coding areas, IRF’s are
well known for their regulation ability over innate immunity as well
as typel Interferon signaling. Further forming part of JAK-STAT
signaling, IRF’s give a response to multiple DAMP as well as PAMP’s,
modulate sterile inflammation(metabolic as well as autoimmune) as
well as are active in non-immune cells as well (like adipocytes).'*
Being 300-500 amino acids in length, IRF family members share a
conserved N terminal DNA binding domain that helps in binding to
Interferon sensitive regulatory elements .The C terminal IRF relation
domain can be different and lets dimerization among various IRF’s.'3*
IRF’s1-5 along with IRF-9 regulate macrophage differentiation as
well as polarization in response to PRR ligands, IRF’s 3,4 as well as 5
have been documented to have a part in macrophage inflammation.'33
IRFS5 is responsible for macrophage polarization, along with having
part in sterile inflammation besides autoimmunity like rheumatoid
arthritis in which risk variants result in overexpression of IRF5 have
been documented.'* In T2D, IRFS5, aids in macrophage activation
as well as macrophage failure in both AT as well as liver. IRF’s are
markedly expressed in ATM’s by CD 11 c+ macrophages at CLS.
IRF5 expression as well as CLS development is markedly associated
with AT inflammation, maladaptive adipocyte expansion in both
local as well as systemic IR.” On diet induced obese (DIO), mice
possessing myeloid deficiency of IRF5 remain insulin sensitive inspite
of escalated adiposity. Visceral white adipose tissue (WAT) in IRF5-
deficiency has property of adaptive remodeling that is modulated by a
de facto type2 immune response, that limits the adipocyte expansion
as well as avoids losing sensitivity of insulin’s antilipolytic action.”
Impaired expression of IRFS5 is implicated in propagation of NASH.
Right through NAFLD, IRF5 modulates proapoptotic as well as
inflammatory signaling from liver macrophages towards lipotoxic
hepatocytes. Continuous inflammatory signaling as well as hepatocyte
apoptosis end in scarring fibrogenesis within liver.*® Canonically
downstream of TLR4, IRF5 represents the active transcription factor.
Notably, though the phenotypes of TLR4 deficiency as well as IRF5
deficiency are practically similar under DIO, this TLR4- IRF5 axis
needs to be corroborated experimentally in the etiopathogenesis of
T2D as well as its complications.'* On the same line downstream
of TLR4, IRF3 aids in AT inflammation on DIO as well as it inhibits
AT browning. IRF3 deficient mice retain insulin sensitivity on high
fat diet (HFD) as well as escalate AT browning.'*® Converse to IRF3
as well as, IRF5, IRF4 aids in macrophage M2 Polarization as well
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as resolving inflammation.'”” In IRF4 deficient mice, metabolic
phenotype on HFD is thus exaggerated.'* Myeloid deficiency of IRF4
causes escalation of IR as well as AT inflammation as compared to
IRF4 competent mice.'3® Notably IRF4 gets nutritionally controlled
via insulin signaling as well as by canonical transcription factors
implicated in metabolic signaling (like FOXO1). Moreover IRF4
controls lipid handling within adipocyte, aiding in lipolysis by aiding
in lipase expression.

Activator protein | (API)

AP1 represents a complex formed via proto-oncogenes c-Jun as
well as c-Fos which is necessary for DNA binding. This activation
of API responds to cytokine signaling as well as growth factors;
regulators apoptosis, cell growth as well as macrophage terminal
differentiation to an M1 like phenotype.'® Action of API1 gets
regulated via post translational changes, mainly translocation, as well
as dimerization of its subunits via signaling through c-Jun N terminal
(JNK) as well as mitogen—activated protein kinases (MAPK). Action
of AP1 further gets controlled via composition of its DNA binding
dimer (Jun/ Jun, Jun/ Fos, b ZIP) as well as via binding partners.'*
Canonically AP1 activation occurs in response to PRR ligation,
cytokine signaling as well as growth factors. Regarding metabolic
inflammation AP1 responds to saturated FA’s (SFA) like palmitate.'3?
Macrophages that get exposed to palmitate liberate proinflammatory
mediators in an AP1-based manner.'3? Further Action of AP1 responds
to hormone signaling, where leptin escalates a binding of nuclear
proteins to the AP1 consensus sequence of the lipoprotein lipase
(LPL) gene promoter. This action escalates macrophage expression
of LPL, giving understanding into the mode of AP1 in foam cell
development, atherogenesis as well as T2D.!*! The upstream kinases
which cause activation of AP1 subunits have been deeply evaluated in
metabolic diseases like INK’S. Mice deficient in JNK1and/ or INK2
remain metabolically healthy upon DIO, they gain lesser weight,
are protected from IR as well as inflammation.'*? Notably myeloid
specific deficiency of JNK, causes non inflammatory obesity as well
as reduction of serum FA’s. Research points that myeloid- AP1 is a
crucial modulator of AT lipolysis upon DIO.!®

Nuclear factor-kappa B (NFkB)

NF«kB represents a transcription factor which facilitates M1
polarization, with it responding to multiple signals like cytokines,
redox stress, bacterial or viral antigens as well as oxidized lipid.'*%
Impaired NFkB signaling takes place in a lot of inflammatory
situations that include T2D. NF«B is markedly conserved in ATM’s
upon their M1/MMe differentiation and right through the onset of IR.
Moreover cytokines liberated by M1/MMe Macrophages develop an
amplifying loop which recruit as well as polarizes other leukocytes at
the site of inflammation. Mice having myeloid deficiency of Inhibitor
of NF«B kinase (IKK-B), NF«B’s canonical activator protein, show a
reduced inflammatory response by DIO as well as maintain systemic
insulin sensitivity.'* Notably, hepatic deficiency of IKK-p only retains
insulin sensitivity in the liver (not in muscle, nor AT), pointing that
the myeloid derived IKK-B/ NF«B is the main controller of systemic
metabolic homeostasis. '

Signal transducers and activators of transcription
(STATS)

STATs represent a family of transcription factors which control
Interferon signaling, as well as have well known part in apoptosis;
proliferation along with differentiation of innate immune cells.
Importantly STAT activity is especially significant in sustaining
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immune tolerance. STAT’s get activated downstream of cytokine,
chemokine as well as growth factors signaling. STAT dimerization as
well as nuclear translocation is based on phosphorylation modulated
Janus kinase (JAK), that together form JAK-STAT pathway. STAT1
as well as 5 facilitate M1 like signaling while STAT 3 as well as 6
facilitates M2 like signaling in macrophages.'*’'* Noticeably the
more recent description of Mme phenotype is polarized independently
of STATI1 activity.'" STAT1 in macrophages gets activated in
response to high glucose and causes proinflammatory signaling via
epigenetic modes. Notably glucose- responsiveness of STAT1 has
been documented in vitro as well as ex vivo modeling, with little or no
proof getting documented in vivo or via human studies on obesity, IR
as well as T2D.'* Till date no proof links STAT 5 activation to diabetic
pathogenesis inspite of its part in inflammatory polarization. STAT 3
have a powerful link to T2D formation as well as its sequelae, mainly
with anti-inflammatory, metabolically protective characteristics. Like
STAT 3 represents a downstream target of the 1st line therapy of
T2D, metformin. Metformin inhibits differentiation of monocytes to
macrophages as well as reduces their infiltration into atherosclerotic
plaques via AMPK modulated inhibition of STAT 3."! In same way
IR as well as DIO, protection conferred by ABCA1/APOAT1 action
are STAT 3-based, like the anti-inflammatory AT phenotype of mice
with a myeloid deficiency of JAK2.'> STAT 6 by itself or along with
vasodilator stimulated phosphorylation (VASP) has immunoregulatory
characteristics regarding metabolic inflammation. The (VASP-STAT
axis has been explained in mice with a myeloid specific deficiency of
VASP, mice had proneness towards inflammation of liver with IR in a
STAT1 6 based manner.'>* While STAT 6 deficiency predisposes mice
to DIO, oxidative stress as well as AT inflammation.'>*

Peroxisome proliferator activated receptor (PPAR)

PPAR a, y'as well as /B, get expressed at various levels in variety
of tissues and differentiation across stages of formation. Greatest
expression levels are in live, skeletal along with cardiac muscle,
spleen. They are involved in cellular metabolism, differentiation,
development as well as control inflammation. In case of Ml
macrophages PPAR a inhibits the expression of proinflammatory
mediators via negative control of AP1 along with NF«kB. various
studies documented the advantage of PPAR a activation in T2D
as well as its sequelac. PPAR o agonists have been used in T2D
patients along with being effective in atherosclerosis, via inhibition
of foam cell development as well as inflammatory signaling .This
advantage is obtained via interference with c-Jun along with c-Fos
interactions as well as by limiting lipid collection via repression of FA
transport protein (FATP)-1.15515 PPAR &/B also acts on macrophage
metabolism, in relation to efflux of lipids, of FA catabolism as well
as Poxidation. Activation of PPAR &/f in macrophage controls whole
body energy dissipation as well as systemic responses to cholesterol.
Further activation of PPAR &/ occurs secondary to dyslipidemia.'>’
In etiopathogenesis of T2D, PPAR 6/f activation has a protective part
in regulating macrophages infiltration in AT as well as liver and aiding
immune tolerance (M 2 Polarization) in ATM’s acting downstream of
STATS 6.'% Mice possessing myeloid deficiency of PPAR &/ show an
exaggerated metabolic phenotype upon DIO. PPAR y'has a significant
part in adipose physiology, adipocyte differentiation as well as
maturation. Of the 2 known isoforms, PPAR y'1 gets expressed within
macrophages as well as adipocytes while PPAR y"2 gets expressed in
adipocytes.'” PPAR y'1 escalates monocyte differentiation into M 2
macrophages besides being an inhibitor of inflammatory polarization,
repressing matrix metalloproteinase 9, IL-6,TNF-a as well as 1L-1p
expression.'*>!% In in vitro as well as ex vivo modeling, PPAR yinhibits
M1 signaling related to LPS +IFNy stimulation, that includes iNOS
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cyclooxygenase 2 (COX-2), as well as a 1L- 12.1"1¢* Sjgnificantly
macrophages, PPAR y'is also downstream target of internalized lipids,
along with modulates expression of scavenger receptors'* for foam
cell development.’” Hence PPAR y deficient mice show impaired M
2 maturation as well as develop accelerated IR as well as metabolic
inflammation in DIO.!®® Notably ,overexpression of PPAR y show
that mature adipocyte PPAR y'in fact is the major insulin sensitizing
part(overexpression phenotype is comparable to TZD therapy.'*
Little or nil benefit is seen in DIO if PPAR y'overexpression is there in
macrophages.'® These over/under—expression studies show diverging
functions of PPAR y. More work is needed in mode to find exact role
as well as control of nuclear receptors as well as different isoforms in
separate cell kinds as well as microenvironment. Multiple modes of
action have been posited, with main being transrepression whereby
PPAR Y binds to active proinflammatory transcription factors as
well as represses their function. Repressive action via interaction
with nuclear receptor corepressor (NCoR) complexes has also been
hypothesized.'®’

Liver X receptor’s (LXR’s)

LXR’s are present in 2 isoforms LXR o as well as LXR,
both of which are lipid activated as well as control macrophage
inflammatory responses. For regulation of transcription LXR’s
heterodimerize with retinoid X Receptor (RXR) as well as bind to
LXR response elements on the genome.'®® LXR’s have a significant
part in T2D besides cardiovascular disease (CVD) promoting anti-
inflammatory polarization as well as controlling macrophage lipid
amount. Activaton of LXR’s by oxysterol species along with synthetic
compounds lets cholesterol efflux via macrophages besides lipid
transporters ACBCA1 as well as ABG.'¥ LXR’s further directly
repress transcription of proinflammatory genes as well as escalate
transcription of anti-inflammatory genes in response to polarizing
stimuli.'”* LXR’s because their action by transrepression once they get
simulated. This alteration avoids LPS-based exchange of corepressor,
hence sustaining LXR’s-modulated expression of inflammatory
transcription factor activity.!”’ Various reports demonstrate the
protective roles that LXR’s have in metabolic-inflammation as well as
IR. LXR’s agonists act as insulin sensitizers as well as controllers of
glycaemia via repression of hepatic gluconeogenesis.!”

Hypoxia inducible factor | (HIF 1)

HIF 1 represents a transcription factors having 2 subunits, o as well
as . HIF 1-a gets stabilized with its expression escalated in response
to Hypoxia, while HIF 1-p gets constitutively expressed as well as
stabilized independent of O2 amounts.'®® Under hypoxic situations
HIF 1-a translocate to nucleus as well as dimerizes with HIF 1-f that
lets the binding of hypoxia response elements (HREs) on the genome
along with controlling target gene expression.'®> In O2 poor situations
HIF 1 activation causes a shift towards anaerobic respiration in cells
in which bioenergetic needs get supported via glucose metabolism. !¢
Myeloid specific overexpression of HIF 1-a specific removal of HIF
1-a impairs murine models of obesity, modes of M1 polarization in
ATM’s are only partially dependent on HIF 1-a activation. Myeloid
specific removal of HIF 1-a cause reduced inflammatory signaling,
reduced CLS development as well as abrogated metabolic phenotype
upon DIO.!

Macrophage polarization-epigenetic regulation

Epigenetic mechanisms regulate chromatin structure as well as
conformation, factors that determine the accessibility of genetic loci
to transcription factors. Epigenetic remodeling, via transcriptional
coregulator as well as epigenetic modifying enzymes (like histone
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deacetylases or HDACs), control transcription factor action.
Getting insight into epigenomic regulatory mechanisms can aid in
formation of newer treatments, like blocking an unwanted pathway
or reprogramming macrophages to get a phenotype that is of greater
advantage. Fast stimulation of an inflammatory transcriptional profile
is a classic property of macrophage activation needed for an immune
response that works. In steady state coregulator complexes bind to
genomicareas ofa wide repertoire of inflammatory genes for sustenance
of macrophages in a quiescent status; this mode prevents deregulated
inflammatory gene stimulation. Coregulator act by 1% recalling
transcription factor activity and subsequently they further manipulate
this activity via generation of crosstalk with the transcriptional mode
along with chromatin.!” Coregulator can be classified as coactivator
or corepressor. Coactivator recognizes as well as stimulates active
transcription, while corepressor recognizes and represses inactive
transcription. But this classification of coregulator activity does not
properly reflect the physiological or physiopathological condition as
coregulator activator or repressive function is totally dependent on
context. Coregulator develop cell type dependent as well as ligand
dependent epigenomes by developing large multiprotein complexes
that “’write’ ’erase ** or “’read °’ reversible chromatin modifications
related to transcriptional Activity Figure 6, although underlying mode
is still not clear .Lot of explanations that give conviction says changes
in function or expression of coregulator is central to the impairment
of transcription that is inherent to disease particular epigenomes. 2
such corepressor are the nuclear receptor corepressor (NCoR1) as
well as silencing mediator of retinoic acid as well as thyroid hormone
receptor (SMRT or NCoR2), which cross react with inflammatory
transcription factor like AP1 as well as a NFkB and in turn bind to
particular genomic regions to control transcription.'”™ The general
opinion was that on TLR4 stimulation the NCoR complex gets
liberated via promoter /enhancer areas of inflammatory gene for
promoting or depressing, their transcription.!”” But in many cases
this separation does not actually point the in vivo condition, with
context-related microenvironment signals stimulation coregulator
properties. Regarding macrophage polarization as well as T2D,
particular removal of NCoR in macrophages result in transcriptional
activation of LXR, ending in lipogenic enzymes getting induced
,2that further result in local anti-inflammatory actions via repression
of NFkB.!> NCoR causes pro inflammatory actions in macrophages.
As with NCoR, macrophages via HDAC3—deficient phenotypes
were independent of anti-inflammatory as seen in 2 independent
studies that came as a surprise.!” These observations were separate
from earlier work demonstrating that HDAC3 as well as NCoR were
demonstrated to assemble a repressive complex through crosstalk
with the NFkB subunit p50, essential for the TLR tolerance process in
which they maintained TLR 4 activation represses inflammatory gene
expression.'” Greater details are needed for getting a good insight into
the particular mode of action of HDAC3 as well as NCoR.

Conversely anti-inflammatory actions have been thought to be
due to the SMRT/GPS2 (G-protein pathway suppressor 2) subunit
complex. In their recent study in 2016 Fan et al.,'”” showed that
macrophage specific knockout of the GPS2 subunit accelerates
metabolic inflammation, escalating glucose homeostasis under
metabolic stress.!”” This phenotype gets correlated with genomic
features of the GPS2 repressive pathway, that implicates direct
repression of the c-Jun subunit of AP1. Noting all the current studies,
2 sub complexes have separate functions; SMRT/GPS2 might have
anti-inflammatory actions while HDAC3 as well as NCoR might act
as pro inflammatory machinery. This might answer the contradiction
in phenotypes of the respective KO models, inspite both getting
classified to start with as corepressor complexes. Sub complex
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specifications would help in regulating transcription of separate gene
clusters in response to different signals and probably end in separate
interactions with TF’s, coregulator as well as chromatin parts like
histones. This gets exemplified via GPS2 acting on other cell kinds.
Actually the anti-inflammatory actions of GPS2 get conserved in
adipocytes by repression of CCL2 as well as IL-6.* Whereas the
major part of GPS2 in hepatocytes is of repression of the metabolic
nuclear receptor PPAR alpha action.!” Hepatocyte specific knockout
of GPS2 is then protective on inflammatory stimulus while adipocyte
or macrophage particular GPS2-deficiency is harmful for whole
body glucose homeostasis and show accelerated inflammation. These
reverse functions are also seen in humans.!”"'” These associations
have significance since they suggest the probability that inexact
GPS2 action might be associated with macrophage pathways
which drive AT dysfunction as well as IR. Other coregulator, like
glutamate receptor—interacting protein (GRIP-1) control macrophage
programmed responses to IL-4 via action as a coactivator for Kruppel-
like factor (KLF-4), that is known to drive tissue resident macrophage
differentiation.'® Obese mice having conditional macrophage specific
removal of GRIP-1 form inflammation and followed by macrophage
infiltration in metabolic tissues, fatty livers, hyperglycemia as well
as IR, that recapitulates metabolic disease via GRIP-1’s glutamate
receptor independent actions. Hence coregulator like GPS2, GRIP-
1, NCoR as well as HDAC3 is key controllers of macrophage
reprogramming in metabolic disease. Their coordinated actions involve
transcriptional modes which coordinate a balance among macrophage
polarization states as well as subpopulations for manteinance of
metabolic homeostasis Figure 7. Epigenetic remodeling of particular
histones also represents an indicator of macrophage activation states.
Macrophage Activation can get controlled by trimethylation of lysine
27 on histone 3 (a modification known as H3K27me3) through the
action of lysine specific demethylase 68§(KDM6B; also called IMJD3).
The histone mark H3K27me3 represses transcription and is deposited
via histone lysine N methyl transferase (EZH-2 a subunit of the
Polycomb Repressive Complex 2.While removing histone mark gets
modulated via H3K27me3 demethylase KDM6A as well as KDM6B.
The crucial part of EZH-2 histone methyl transferase modification
was documented by Zhang et al.,'! in changing of macrophage
phenotype.'$! EZH-2 regulates H3K27me3 deposition on the promoter
of SOCS3, which encodes a cytokine signaling repressor .Thus mice
having a myeloid specific deficiency of EZH-2 show attenuation
of macrophage activation as well as decreased inflammatory under
models of autoimmune disease. These findings make EZH-2 at luring
target for other inflammatory diseases like T2D.

The part of KDM6B in macrophage is not known. Excellent
studies posited that KDM6B is not essential for the polarization of
the pro inflammatory macrophages phenotype in mice but is needed
for an appropriate anti-inflammatory response through the removal
of H3K27me3 from the IRF4 promoter.'® Absence of KDM6B
totally blocks the macrophage induction in mice that have been
challenged via helminthes or chitin, pointing a part of KDM6B must
be more in M2 as compared to M1 macrophages.'®* Conversely pro
inflammatory TLR4 gene activation was reduced in KDM6B-deficient
macrophages. Thus targeting KDM6B H3K27me3 demethylases with
small molecule inhibitors impairs inflammatory responses in human
primary macrophages and hence might be of lot of pharmacological
significance for treating inflammatory diseases that includes T2D. 84185
Notably KDM6B further manipulates expression of chemokines
dependent on granulocyte macrophages colony stimulating factor
(GMCSF) stimulation, that normally works via STATS5-modulated as
well as IRF5 modulated induction of a pro inflammatory phenotype.
Epigenetic signatures vary in disease state of chronic inflammation,
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like in T2D. KDM6B is one of the little Epigenetic modifiers which
might have a direct involvement in changing the epigenetic signatures
of macrophages. Role of KDM6B in regulating macrophages
expression of IL-12 in a DM context was 1st documented by Gallagher
et al.,'” In a recent study macrophages that got treated with a
selective KDMG6B inhibitor demonstrated change in expression of pro
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inflammatory cytokines that gave proof for Gallagher‘s study.'®* Still
it is to be found that the degrees of contribution of nutrient over intake
as well as obesity, IR or hyperglycemia'® to changes seen in histone
methylation. A recent study posits that changed DNA methylation is
mainly a result of adiposity, instead of a cause.!

Methylation

Transcriptional

: repression
H3K27me2/3

Deacetylation
[ 9

Methylation

Demethylation ™™

Transcriptional
wakormens ACtivation
® H3K2Tac

Figure 7 Epigenetics of macrophage polarization in T2D. Epigenetic mechanisms that modulate transcription act on chromatin remodeling and altering DNA
accessibility to transcriptional machinery. Modifications are in dynamic exchange where methylation and acetylation status of H3K27 dictate repression or
activation of transcription, respectively. When chromatin is closed, methylation is dynamically altered by EZH2 (adding methyl groups) and KDMBé6 (removing
methyl groups), and the active transcription mark (H3K27ac) is removed through HDAC3 activity. GPS2-SMRT also participates in gene repression. During
active transcription, the active transcription mark (H3K27ac) is maintained whilst EZH2-KDM6B play smaller roles. GPS2-SMRT is not present to exert

repressive effects.'®

Conclusion

Lot of advances has been made in last decades that implicated
tissue macrophages in IR formation. Actually macrophages have been
found to be the central players in sustaining tissue as well as organism
homeostasis in response to every day challenges of temporary over
as well as under nutrition-from inflammatory signaling essential for
insulin liberation, to the house keeping part they have in buffering AT
lipolysis as well as non inflammatory signaling in NAFLD. Till date
concentration of studies had been on getting to know the molecular
modes which regulate macrophage responses to dysmetabolism,
basically restricting classification into M1 like vs M2 like macrophages.
With the recent technological improvement of single cell sequencing
have given us to give a much >in depth classifying macrophage
subsets, i.e. immune cell ontogeny, hence single cell sequencing
has resulted in a functional reclassification of innate immune
subtypes.'® Significance of these studies lies in giving the properties of
macrophages in tissue niches which had been overlooked till now, like
pancreatic islet macrophages or SNS related macrophages. This switch
in paradigm in macrophage functional reclassification can further be
extended to their metabolic properties, their bioenergetic needs as
well as adaptations to the particular challenges of IR. Various studies
of infection as well as immunity have mostly used typical immune cell
activation. Tissue macrophage bioenergetics needs to be found at the
formation stage, at steady state as well as at onset of IR. Macrophage
metabolism is a luring therapeutic target which will manipulate

inflammation without markedly influencing effector functions by
turning the immune response > on” or “’off’. After recent findings of
non immune as well as non inflammatory signaling via macrophages,
we have gained insight into noncanonical part of the innate immune
cells, like dendritic cells, NK cells, as well as ILC’s. Since innate
immunity, with all its diverseness, we know maintains homeostasis,
without definitely engaging inflammation, steady state characteristics
as well as responses to physiological variation need to be mapped
to get more understanding of deregulation of innate immune effector
function that causes metabolic pathology. Inspite of consistent strong
correlations as well as modes relation between inflammation as well as
IR there have been relatively little successful translation innovations.
Antidiabetic therapy at present aims to normalize glycaemia via a
variety of modes and have been demonstrated to also buffer systemic
inflammation (like TZDs, DPP4 inhibitors, GLP-1, RAs). These
positive effects implicate improvement in the inflammatory profile for
improvement of metabolic responses.'*® Knowing that lot of proof is
there that macrophage polarization is central to T2D pathology very
few clinical trials target inflammation in T2D.

Till date anti- inflammatory strategies in clinical trials have targeted
cytokines with neutralizing antibodies (like ant-TNF. Anti IL1) or have
applied agents that have uncharacterized modes (like chloroquine,
diacrein). Studies on these drugs have been promising; enhance insulin
sensitivity secretion or fasting blood glucose secretion.'®*!”* The
biggest problems in their routine use are absence of long-term studies
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.Other problems in translation of anti- inflammatory methods is the
fact that inflammation in T2D has multiple causes, with the disease
itself predisposing patients to a group of complicated sequelae as well
as comorbidities (in a case where the increase of precision medicine
tries to find modes of response or those at risk). Technical barriers
further effect translational potential like clinical trials investigating
inflammation on the basis of relatively nonspecific circulating
markers like CRP, that at best reflects systemic inflammation.
While in preclinical studies scientists aim to examine tissue specific
inflammation, extrapolating these to human studies is a big hurdle.
Specifically delivering drugs to macrophages also Is a big challenge
clinically as well as leaves the door open for unanticipated side effects
.With the above work promising methods are slowly enhancing the
translation potential of targeting inflammation in Metabolic diseases,
like repurposing of well tolerated agents from other pathologies
or fields, as was the case with anti-malarial chloroquine as well
as hydroxyl chloroquine as well as diacrein used for treatment of
arthritis. In basic research, >attention is being given in earlier disease
course, where mechanisms which might delay or negate the natural
course of T2DM are getting described and will give the basis for
innovative therapeutic targets. Developing small molecule inhibitors
or antisense oligonucleotides are luring on targeting epigenetic or
transcriptional pathways and are proving to be of >value in clinical
research community. In same line search for metabolic immunogens
or characterization of circulating immune cell populations will aid in
forming predictive biomarkers of susceptibility to diseases or at risk
proneness of disease propagation once IR has got established.
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