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The singnificance of sirtuin and SGLT-2 against diabetic nephropathy
BERE R mXiEL v} RIEEL O
1. BAEBE (1)
1) B #9(Goal)

To evaluate mechanism of dapagliflozin on the treatment of diabetic kidney disease (DKD)

2) B B& (Approach)
In high glucose-induced human proximal tubule cells, SGLT2 inhibitor dapagliflozin restores impaired autophagy via AMPK/ mTOR
pathway and suppresses inflammation via AMPK/ NF- £ B pathway.

3) # %} &5 % (Materials and methods)

3.1 Cell culture

Human kidney proximal tubular cells (HK-2 cells) were cultured in Keratinocyte—SFM (K—-SFM) medium. When cells were 70-80%
confluence, the medium was replaced with fresh medium, high glucose or HG with dapagliflozin for 48 h.

3.2 Transfection of small interfering RNA (siRNA)

HK-2 cells were cultured in K-SFM medium in six—well plates, transfected with siRNA targeting SGLT2, RELA, AMPK, or negative
control siRNA via Lipofectamine 2000 and incubated for 6 h, then replaced by fresh K-SFM medium with fresh medium or HG (30 mM)
for 48 h.

3.3 Western blot analysis

Primary antibodies including SGLT2, NF-x B p65, NLRP3, IL-1 8, TNF &, p—~AMPK, AMPK, p—RPS6, RPS6, LC3, Histone H3, 3 —actin
at 4° C overnight.

3.4 Autophagic flux assay

Autphagic flux was calculated by subtracting the densitometry value of normalized LC3-II in the sample treated with Chloroquine (CQ,
50 ¢ M) by the value in the sample treated without CQ.

4) EER¥E R (Results)

4.1 Dapagliflozin activated AMPK in a dose—dependent manner and restored impaired autophagic flux via AMPK/ mTOR pathway.
Compared with control group, HG suppressed AMPK phosphorylation. Dapagliflozin phosphorylated AMPK in a dose dependent
manner. HG inhibited autophagic flux, while dapagliflozin restored HG—impaired autophagic flux. To investigate the mechanism
underlying dapagliflozin on autophagy, AMPK siRNA was used to attenuate the effect of dapagliflozin. AMPK knockdown activated p—
RPS6, a classic downstream protein of mTOR, which leads to the suppression of autophagic flux induced by dapagliflozin. Rapamycin,
an inducer of autophagy, exhibited a negative regulation of p—~RPS6 to further activate autophagic flux. These results indicated that
the effect of dapagliflozin on autophagy may be dependent on AMPK/ mTOR pathway.

4.2 SGLT2 inhibition suppressed proinflammatory cytokines in HG treated HK-2 cells.

Compared with control group, HG group showed up—regulation of SGLT2, down—regulation of p—~AMPK and a concomitant increase of
proinflammatory cytokines such as TNF & and mature IL—1 3. With the treatment of dapagliflozin or SGLT2 knockdown via SGLT2
siRNA, phosphorylation of AMPK was restored and inflammatory changes can be alleviated significantly. These results suggested that
SGLT2 inhibition can alleviate HG-induced inflammation.

4.3 SGLT2 inhibition suppressed HG—-induced nuclear NF- £ B p65 and NLRP3 activation.

To further explore the mechanisms underlying anti—inflammatory mechanism of SGLT2 inhibition, nuclear and cytoplasmic proteins
were prepared after dapagliflozin treatment or SGLT2 knockdown via SGLT2 siRNA. Compared with control group, HG promoted NF—
K B p65 into the nucleus, accompanying with increases of cytoplasmic NLRP3, TNF & and mature IL-1 3. Both dapaglifiozin
treatment and SGLT2 knockdown significantly suppressed these changes. These results indicated the anti—inflammatory effects of
SGLT2 inhibition may contribute to suppressing NF— £ B p65 translocation in HG—treated HK-2 cells. To confirm our hypothesis,
RELA siRNA was used to block the aggregation of nuclear NF- £ B p65 induced by HG. With the efficient knockdown of nuclear NF- k£
B p65, significant down—regulation of cytoplasmic TNF &, NLRP3 and mature IL-1 8 were observed. These results indicated that
SGLT?2 inhibition may alleviate HG—induced TNF & via suppressing nuclear NF- £ B p65, and mature IL-1 8 via NF- k£ B p65/NLRP3
signaling.
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1. IR E(2)

4.4 Dapagliflozin suppressed HG—induced nuclear NF- £ B p65 via activating AMPK.

To investigate the effect of AMPK on inflammation, AMPK siRNA was used to attenuate the effect of dapagliflozin. As is shown in
Figure 6, dapagliflozin inhibited HG—induced nuclear NF— £ B p65, while AMPK knockdown restored it. This effect resulted in the
inducing of TNF &, NLRP3 and mature IL-1 8 in cytoplasm. These results indicated that the effect of dapagliflozin on inflammation
may be dependent on the suppression of nuclear NF- £ B p65 via AMPK activation.

5) Z %2 (Discussion)

T2DM is characterized by marked suppression of AMPK phosphorylation and impaired autophagy [1]. Previous study showed that
SGLT?2 inhibitors have a dose—dependent effect on AMPK activation [2] and activate autophagy via AMPK/ mTOR pathway [3, 4]. Our
results were consistent with these previous results. There was an interesting phenomenon in our experiment. Compared with other
groups, the basal LC3-II was significantly increased in AMPK knockdown group. However, as the autophagic flux was blocked, this
change did not indicate that autophagy was activated. We speculated that the basal LC3-II induced by AMPK knockdown may be due
to the failure of autophagolysosome clearance.

Inflammation is another significant feature of DKD. Cell injury caused by hyperglycemia activates the production of multiple proinfl
ammatory cytokines, leading to the recruitment of inflammatory cells and functional abnormalities in DKD [5, 6]. Previous studies
demonstrated that SGLT2 inhibitor decreased accumulation of nuclear NF— k£ B p65 in db/db mice [7], high fat diet—fed Wistar rats [8]
and HG—treated HK-2 cells [9], and then suppressed the downstream protein including TNF & and IL-1 3 [8]. The release of IL-1 8 is
controlled by NLRP3 inflammasome activation [10—-12]. NLRP3 activation may be involved in multiple inflammatory or stress pathways
including NF—- k£ B signaling [11] and can be regulated by AMPK [13, 14]. Multiple studies have shown SGLT2 inhibition repressed
NLRP3 inflammasome in different diabetic animal models [15—19]. Dapagliflozin suppressed the activation of the NLRP3/ASC
inflammasome in diabetic myocardial tissues [17] reduced production of IL-1 3 in the aortic tissues and liver [15, 16]. In the present
study, we found that the increasing translocation of NF— k£ B p65 from cytoplasm to nucleus is responsible for inflammation caused by
HG and AMPK activation suppressed these changes. Our previous studies and other studies demonstrated that AMPK activation may
inhibit the protein modification of NF- £ B p65 including phosphorylation [14, 20, 21] and acetylation via SIRT1 [22]. Our findings
provided another potential mechanism of dapagliflozin on inflammation via AMPK/ NF- k£ B p65/ NLRP3 signaling in human kidney
proximal tubule cells.
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The impact of mitochondrial quality control by Sirtuins on the treatment of )
type 2 diabetes and diabetic kidney disease e

Jing Xu™°, Munehiro Kitada®""*, Daisuke Koya™"
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ARTICLE INFO ABSTRACT

Keywords: The incidence of type 2 diabetes mellitus (T2DM) and diabetic kidney disease (DKD) has significantly increased
Sirtuins worldwide in recent decades, and improved treatments for T2DM and DKD are urgently needed. The patho-
Mitochondria genesis of aging-related disorders, such as T2DM and DKD, involves multiple mechanisms, including in-

Type 2 diabetes

flammation, autophagy impairment, and oxidative stress, which are closely associated with mitochondrial
Diabetic kidney disease

dysfunction. Therefore, mitochondrial quality control may be a novel therapeutic target for T2DM and DKD.
Previous reports have shown that members of the mammalian Sirtuin family, SIRT 1-7, which are recognized as
antiaging molecules, play a crucial role in the regulation of mitochondrial function and quality control through
the modulation of oxidative stress, inflammation and autophagy. In this review, we summarized the research
published in recent years to highlight the role of Sirtuins in mitochondrial quality control as a therapeutic target
for T2DM and DKD.

Abbreviations: T2DM, type 2 diabetes mellitus; DKD, diabetic kidney disease; AKI, acute kidney injury; sir2, silent information regulator 2; SIRT, Sirtuins; HFD,
high-fat diet; CR, calorie restriction; RSV, resveratrol; ZDRs, Zucker diabetic rats; WFRs, Wistar fatty rats; HUVECs, human umbilical vein endothelial cells; MEF,
murine embryonic fibroblasts; hESCs, human embryonic stem cells; EPCs, endothelial progenitor cells; eGFR, estimated glomerular filtration rate; TCA, citric acid
cycle; AMPK, AMP activated kinase; p-AMPK, phosphorylated-AMP activated kinase; CaMKKp, Ca2+/calmodu1in-dependent protein kinase kinasef; ERK, extra-
cellular signal-regulated kinase; CPS1, carbamoyl phosphate synthetase 1; ECHA, trifunctional enzyme subunit alpha; HMGCS2, 3-hydroxy-3-methylglutaryl-CoA
synthase 2; PI3K, phosphoinositide 3-kinase; MCD, malonyl-CoA decarboxylase; PKM2, pyruvate kinase isozyme M2; G6PD, glucose-6-phosphate dehydrogenase;
AceCS2, acetyl-CoA synthetase 2; GDH, glutamate dehydrogenase; SDH, succinate dehydrogenase; LDH, lactate dehydrogenase; TPI, triose phosphate isomerase;
PFK1, aldolase, and phosphofructokinase-1; PEPCK, phosphoenolpyruvate carboxykinase; SDHA, succinate dehydrogenase subunit A, flavoprotein; IDH2, isocitrate
dehydrogenase 2; LCAT, lecithin cholesterol acyltransferase; MCAD, medium-chain acyl-CoA dehydrogenase; VLCAD, very-long-chain acyl-CoA dehydrogenase;
CPT1, carnitine palmitoyltransferase; MTCOZ2, mitochondrially encoded cytochrome C oxidase II; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PKA, protein
kinase A; PKB, protein kinase B; PINK1, PTEN induced putative kinase 1; GLUT1, glucose transporter 1; HIFla, hypoxia inducible factorla; PDC, pyruvate dehy-
drogenase complex; GCN5, nonrepressed protein 5; NAD*, nicotinamide adenine dinucleotide; ATP, adenosine triphosphate; Mfn1/2, mitofusion1/2; OPA1, optic
atrophy 1; Drpl, dynamin-related protein 1; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1a; TFAM, mitochondrial transcription factor A;
ETC, subunit of electron transport chain; ANT2, adenine nucleotide translocator2; GABPB1, GA-binding protein; PFS™, mitochondrial protein folding stress;
AdipoR1, adiponectin receptor 1; PPARa, peroxisome proliferator-activated receptor a; ROS, reactive oxygen species; SOD1, superoxide dismutase 1; SOD2, su-
peroxide dismutase 2; MnSOD, manganese superoxide dismutase; OXPHOS, oxidative phosphorylation; Prx3, peroxiredoxins 3; Prx5, peroxiredoxins 5; Trx2,
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1. Introduction

The prevalence of type 2 diabetes mellitus (T2DM) has been gra-
dually increasing worldwide in recent decades [1]. Between 2001 and
2009, the prevalence of T2DM increased from 3.4% to 4.6% in the
United State [2] and from 9.3% in 2010 to 10.9% in 2013 in China [3].
Accompanying with the increasing prevalence, the incidence of its
chronic complications, such as diabetic kidney disease (DKD) also in-
creased (from 19.5% in 2010 to 24.3% in 2015 in China) [4]. DKD is
considered as the main cause of end-stage renal diseases and an in-
dependent risk factor for cardiovascular diseases [5]. All of these dis-
orders bring an enormous burden to the healthcare system worldwide.
Although several new drugs such as SGLT2 inhibitors or GLP-1 agonist
have been developed to treat T2DM and presented prospective out-
comes in recent years [6-11], there is still an urgent need for more
effective therapies for T2DM and DKD.

Aging is an inevitable and universal process. It increases oxidative
stress and inflammation caused by mitochondrial dysfunction and
weakens the responsiveness to intracellular stress, ultimately leads to
metabolic dysfunction and the disruption of cellular homeostasis [12].
Inflammation is also considered an important role in the pathogenesis
of aging-related diseases [13]. Nuclear factor kappa-B (NF-kB) is the
central transcriptional factor involved in inflammation, and it mediates
the expression of multiple inflammatory factors, including tumor ne-
crosis factor-a (TNF-a), interleukin-1f (IL-1f) and interleukin-6 (IL-6),
[14]. Aging and cellular senescence may accelerate the progression of
T2DM and DKD [12], associating with inflammation and mitochondrial
dysfunction [15-17]. Therefore, mitochondrial quality control might be
a potential target for the treatment of age-related diseases such as
T2DM and DKD.

Mitochondrial quality control involves a variety of mechanisms,
among which the regulation by Sirtuins is a highlighted direction. The
Sirtuin family contains highly conserved nicotinamide adenine dinu-
cleotide (NAD*)-dependent histone/protein deacetylases and ADP-ri-
bosyltransferases [18,19]. Sirtuins (SIRT1-7) are recognized as
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antiaging molecules and have been confirmed to participate in multiple
cellular processes including the regulation of mitochondrial function,
oxidative stress, inflammation and autophagy [20], which is corre-
spondingly related to the pathogenesis of T2DM and DKD.

In this review, we summarized studies published in recent years to
highlight the role of Sirtuins in mitochondrial quality control related to
the improvement of mitochondrial function/biogenesis/fission and fu-
sion balance, anti-oxidative stress/inflammation and induction of au-
tophagy as a therapeutic target for T2DM and DKD.

2. Mitochondrial dysfunction on the pathogenesis of T2DM and
DKD

Mitochondrial dysfunction has been identified to be linked to the
pathogenesis of T2DM and DKD. Clinical studies have shown that T2DM
patients have fewer mitochondria, lower mitochondrial density and
adenosine triphosphate (ATP) production than normal individuals
[21,22]. Additionally, a previous study reported that glycolytic en-
zymes including pyruvate kinase M2 (PKM2) and mitochondrial en-
zymes including mitochondrially encoded cytochrome C oxidase II
(MTCO?2) are significantly elevated in glomeruli from individuals with
extreme duration of type 1 diabetes (=50 years) without diabetic ne-
phropathy compared to those with histologic signs of diabetic ne-
phropathy [23]. Moreover, in T2DM patients, these enzymes including
PKM2 and MTCO2 are significantly increased in glomeruli of CKD™
individuals, compared to CKD* individuals [24]. These data indicate
that maintaining mitochondrial function or mitochondrial quality
control in the kidney is important for protecting against DKD.

Mitochondrial quality control in cells mainly involves the regulation
of redox status, fusion and fission procedures, autophagy/mitophagy
and biomolecular repair/biogenesis [15]. The disruption of either of
these quality control pathways is a major cause of mitochondrial dys-
function and leads to oxidative stress, inflammation, contributes to the
pathogenesis of mitochondrial-related diseases, ranging from inherited
diseases to age-related disorders, T2DM and its complications including

Fig. 1. Mitochondrial dysfunction includes im-
balance between reactive oxide species (ROS) pro-
duction and scavenging, imbalanced fusion and fis-
sion, impaired autophagy/mitophagy and reduced
mitochondrial biogenesis, which contribute to the
pathogenesis for type 2 diabetes and diabetic kidney
disease through glucose intolerance, insulin re-
sistance, oxidative stress, inflammation, excess
apoptosis and fibrosis in diabetic kidney. Sirtuins
may be a potential target for the treatment of these
diseases through mitochondrial quality control.

Type 2 diabetes, diabetic kidney disease
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DKD [25,26] (Fig. 1).
2.1. Redox status in mitochondrial

Mitochondria are main source of reactive oxygen species (ROS)
[271, and mitochondrial ROS is scavenged by antioxidant enzymes such
as superoxide dismutase 2 (SOD2), known as a manganese superoxide
dismutase (MnSOD), [28]. Therefore, mitochondrial dysfunction results
in the enhancement of oxidative stress by increased production of ROS
from injured mitochondria and impairment of SOD2. In diabetic state,
mitochondria exhibit increased production of ROS due to impaired
electron transport and ROS scavenging, then contribute to the patho-
genesis of insulin resistance/diabetes and DKD [16,17,29] (Fig. 1).
Additionally, oxidative stress is closely related to inflammation, there-
fore, mitochondrial quality control is also important for suppression of
both oxidative stress and inflammation.

2.2. Balance of fusion and fission

Fusion and fission are crucial to maintaining mitochondrial stability
and biological function [15]. The expression of mitochondrial fusion
protein (mitofusion2; Mfn2 and optic atrophyl; Opal) is reduced in
skeletal muscles of patients with T2DM [30]. Our previous studies
found that mitochondria fusion proteins such as Mfnl/2 and Opal in
the kidney are inhibited by a high-fat diet (HFD) [31], and fission
proteins such as dynamin-related protein 1 (Drpl) are increased in
renal cortex of Zucker diabetic rats (ZDRs), a T2DM rat model [32].
Other report demonstrated that a deficiency in Mfn2 leads to increased
superoxide and the activation of NF-xB, leading to insulin resistance in
rat skeletal muscle cells [33].

2.3. Autophagy and mitophagy

Mitophagy is a selective autophagy that recognizes damaged mi-
tochondria for degradation through fission of mitochondria [34].
Starvation is well known to activate autophagy, while starvation leads
to inhibition of mitochondrial fission through protein kinase A (PKA)-
induced phosphorylation of Drpl, then results in mitochondrial elon-
gation [35]. Multiple studies have identified the key role of autophagy
in the pathogenesis of T2DM and its chronic complications, such as
DKD [36,37]. Our previous study also observed that the accumulation
of p62/Sqstm1 and abnormal mitochondria are significantly enhanced
in the kidneys of Wistar fatty rats (WFRs), a rat model of T2DM, in-
dicating dysregulation of autophagy [38,39]. Thus, regulation of mi-
tochondrial fission/fusion balance and autophagy/mitophagy play a
crucial role on mitochondrial quality control to improve T2DM and
DKD (Fig. 1).

3. Mammalian Sirtuins family

Sirtuins are derived from silent information regulator 2 (sir2) in
research on the cause of aging in yeast [18,19]. Sirtuins are highly
conserved from bacteria to mammals. Seven human Sirtuin genes
(SIRT1-7) have been identified and divided into four phylogenetic
classes, known as classes I-IV [40]. Table 1 lists the Sirtuin family
members and their characteristics.

3.1. SIRT1

SIRT1 is the most widely studied member of the Sirtuin family.
SIRT1 is mainly located in the nucleus and shuttles between the nucleus
and cytoplasm under physiological and pathological stress [41]. SIRT1
deacetylates histone, such as H4 lysine 16 (H4-K16Ac), H3 lysine 9 (H3-
K9Ac), and H1 lysine 26 (H1-K26Ac) and regulates the activity of
multiple transcription factors and proteins via deacetylation, which
involves mitochondrial biogenesis, redox homeostasis, inflammation

BBA - Molecular Basis of Disease 1866 (2020) 165756

Table 1
Sirtuins family and their characteristics.

Sirtuins  Classification ~ Enzyme activity Location

SIRT1 I Deacetylase Nucleus and cytoplasm

SIRT2 I Deacetylase Cytoplasm and nucleus
Demyristoylase

SIRT3 I Deacetylase Mitochondria and cytoplasm

SIRT4 Il ADP-ribosyltransferase ~ Mitochondria
Deacetylase
Lipoamidase

SIRT5 I Deacetylase Mitochondria
Desuccinylase
Demalonylase

SIRT6 v Deacetylase Nucleus and endoplasmic
ADP-ribosyltransferase  reticulum

SIRT7 v Deacetylase Nucleus and cytoplasm

and autophagy [40,42] (Fig. 2).

3.1.1. Role in mitochondrial biogenesis and oxidative stress

Peroxisome proliferator-activated receptor gamma coactivator la
(PGC-1a) is a key transcriptional coactivator that regulates mitochon-
drial biogenesis, mitochondrial respiration and redox status through the
induction of the oxidative phosphorylation (OXPHOS) genes expression
and anti-oxidative enzymes [43,44]. SIRT1 deacetylates PGC-1a to in-
crease mitochondrial biogenesis and mitochondrial fatty acid oxidation
in myotubes [45]. Calorie restriction (CR) or fasting can induce PGC-1a
deacetylation via SIRT1, which leads to increased mitochondrial bio-
genesis and the activation of mitochondrial fatty acid oxidation genes in
skeletal muscle or white adipose tissue [45]. As a key regulator of nu-
trient and energy expenditure, AMP-activated kinase (AMPK) enhances
SIRT1 activity by increasing cellular NAD* levels, resulting in the
deacetylation and modulation of the activity of downstream SIRT1
targets [46,47]. Adiponectin, which is an antidiabetic hormone that
maintains glucose and fatty acid metabolism, combines with adipo-
nectin receptor 1 (AdipoR1) to induce the expression and activation of
Ca2™" /calmodulin-dependent protein kinase kinasef (CaMKKB), AMPK,
and SIRT1 and to decrease the acetylation of PGC-1a in a Ca®*-de-
pendent manner to regulate mitochondrial biogenesis, which further
relieves insulin resistance in skeletal muscle [48]. Additionally, SIRT1
activates peroxisome proliferator-activated receptor o (PPARa), a
major regulator of lipid metabolism, via PGC-1a deacetylation to en-
hance fatty acid oxidation in skeletal muscle [45,48]. Increased PGC-1a
activity and expression increases the expression of ROS-detoxifying
enzymes, such as SOD2 [44]. SIRT1 regulates the expression of several
antioxidant genes in bovine aortic endothelial cells, including SOD2,
catalase, peroxiredoxins 3 and 5 (Prx3, Prx5), thioredoxin 2 (Trx2),
thioredoxin reductase 2 (TR2), and uncoupling protein 2 (UCP-2)
through the formation of a FOXO3a/PGC-1a complex [49]. The bene-
ficial effects of SIRT1 on diabetic renal injuries correlate with the ac-
tivation of the nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and
antioxidant response element (ARE) (Nrf2/ARE) antioxidative
pathway, which leads to overexpression of antioxidative enzymes such
as heme oxygenase-1 (HO-1) and superoxide dismutase 1 (SOD1) [50].
Additionally, advanced glycation end products (AGEs) are one of the
main causes of DKD. The activation of the Nrf2-ARE pathway by the
overexpression of SIRT1 ameliorates mitochondrial oxidative stress,
further relieving the toxicity of high glucose to podocytes in db/db mice
[51] (Fig. 2A). Epithelial-mesenchymal transition (EMT) plays a pivotal
role in the pathogenesis of renal tubulointerstitial fibrosis, which is
closely related to the pathogenesis for progression of DKD. Previous
report demonstrated that aldosterone-induced EMT is dependent on
mitochondrial-derived oxidative stress, and SIRT1 restores aldosterone-
induced mitochondrial dysfunction and EMT by upregulating PGC-1a
[52]. The 66-kDa Src homology 2 domain-containing protein (p66Shc)
is phosphorylated at serine 36 (S36) in response to ROS and
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Fig. 2. SIRT1 regulates mitochondrial function related to fatty acid oxidation (FAO), mitochondrial biogenesis, oxidative phosphorylation (OXPHOS), oxidative
stress, inflammation, epithelial-mesenchymal transition (EMT), apoptosis, autophagy/mitophagy and mitochondrial fusion, through the multiple mechanism.

translocates to mitochondria, where it produces ROS by oxidizing cy-
tochrome C [53]. SIRT1-mediated deacetylation of p66Shc suppresses
vascular oxidative stress and endothelial dysfunction in diabetes [54].

3.1.2. Role in inflammation

Previous studies have demonstrated that SIRT1 deacetylates the
RelA/p65 subunit of NF-xB at Lys310 to inhibit its transcription [55].
The activation of SIRT1 inhibits inflammatory pathway through dea-
cetylation of NF-kB (p65) in adipocytes and macrophages to improve
glucose tolerance and insulin sensitivity [56,57]. Our previous research
also demonstrated that in the proximal tubular cells of WFRs, the ex-
pression of inflammation-related genes such as monocyte chemoat-
tractant protein 1 (MCP-1), intercellular adhesion molecule-1 (ICAM-
1), vascular cell adhesion molecule-1 (VCAM-1) and the acetylated-NF-
kB (p65) increased, while CR can alleviate the expression of in-
flammatory factors by elevating levels of SIRT1, further deacetylating
NF-kB [38]. In the podocytes of db/db mice, the deletion of SIRT1 leads
to the acetylation of NF-kB (p65) and signal transducer and activator of
transcription 3 (STAT3), which results in increased susceptibility to
diabetic renal injuries, including inflammation and apoptosis [58]
(Fig. 2B).

3.1.3. Role in autophagy

Impaired autophagy is involved in the development of a variety of
aging-related diseases [59], especially T2DM and DKD [36]. SIRT1 is
considered to be a positive regulator of autophagy, which can deace-
tylate essential autophagic factors, such as autophagy-related 5 (Atg5),

Atg7 and microtubule-associated protein light chain 3 (LC3), leading to
the induction of autophagy [60,61]. We previously reported that
dietary restriction can ameliorate the impaired autophagy in the kidney
of WFRs and can restore SIRT1 levels and degrade p62/Sqstm1 [38]. In
addition to the deacetylation effect, the inactivation of SIRT1 also re-
sults in the phosphorylation of NF-kB p65, leading to inflammation, the
activation of the mechanistic target of rapamycin complex 1 (mnTORC1)
pathway and the inhibition of AMPK in cultured human monocytes.
These results connect autophagy and inflammation together [38].
SIRT1 deacetylates mitochondrial fusion-related proteins, results in
mitochondrial quality control. A research reported that SIRT1 deace-
tylases Mfnl and up-regulates Mfnl protein stability, leading to mi-
tochondrial elongation [62]. Additionally, SIRT1 deacetylates Mfn2,
leading sequentially to enhancement of autophagy, maintaining mi-
tochondrial quality and cell survival in hepatocytes [63].

3.2. SIRT2

SIRT2 is widely distributed in various tissues and organs and is
especially highly expressed in metabolic-related organs such as brain,
liver, muscle, adipose, kidney, and pancreas [64]. SIRT2 is located
primarily in the cytoplasm and can also be found in the nucleus when
cells are in the G2/M transition of the cell cycle and during mitosis
[65]. SIRT2 functions mainly as an NAD * -dependent histone deacety-
lase [66] and demyristoylase [67]. Itis related to multiple processes,
including energy metabolism, inflammation, oxidative stress, mi-
tochondrial function, autophagy, and metabolic process including
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Fig. 3. (A) SIRT2 regulates mitochondrial function related to oxidative stress, inflammation, mitochondrial biogenesis and mitochondrial fission/fusion balance, the
multiple mechanism. (B) In adipose tissue, SIRT2 dysfunction due to HIF1a induces increased acetylated PGC-1a, resulting in mitochondrial dysfunction including
reduction of fatty acid oxidation (FAD), oxidative phosphorylation (OXPHOS) and mitochondrial biogenesis. In cancer cells, inactivation of SIRT2 induces increased
acetylated FOXOL1 in cytosol, which binds to Atg7, resulting in induction of autophagy.

T2DM and DKD [64] (Fig. 3). Several studies have shown that SIRT2 is
suppressed when energy is excessive and activated when energy is in-
sufficient, indicating that SIRT2 is closely related to intracellular energy
utilization. SIRT2 knockout mice exhibit reduced muscle insulin sen-
sitivity, increased liver insulin resistance and increased body weight
under HFD conditions [68], indicating that SIRT2 protects against in-
sulin resistance under overnutrition conditions.

3.2.1. Role in mitochondrial biogenesis and oxidative stress

SIRT?2 is closely related to improving oxidative stress and reducing
the production of ROS in the development of the pathological me-
chanisms of insulin resistance and T2DM. SIRT2 deacetylates and ac-
tivates FOXO3a, then activates the transcription of SOD2, thereby
further increases intracellular mitochondria-localized SOD2 antioxidant
protein levels, reduces ROS production and improving oxidative stress
in HEK 293 T cells [69]. Under oxidative stress, SIRT2 deacetylates and
activates glucose-6-phosphate dehydrogenase (G6PD), a key enzyme
involved in pentose phosphate pathway, which increases the produc-
tion of NADPH to counteract oxidative stress in erythrocytes [70]. In
the above mentioned effects of SIRT2 against oxidative stress, its reg-
ulation of mitochondrial quality may play a crucial role. In hepatocytes,
SIRT2 increases Mfn2, decreases Drpl and attenuates the down-
regulation of mitochondrial transcription factor A (TFAM), a key
mtDNA-associated protein, to increase mitochondrial mass, con-
tributing to the improvement of insulin sensitivity [71]. In adipocytes,
the hypoxia induced by excess energy causes hypoxia inducible fac-
torla (HIF1a) accumulation, which inhibits SIRT2 activity. HIF1a-in-
duced reduction of SIRT2 activity decreases PGC-la transcriptional
activity by increased its acetylation, which results in decrease of the
expression of mitochondrial genes, thereby hindering the catabolism of
fatty acids in mitochondria [72].

3.2.2. Role in inflammation

SIRT2 has some similar functions to SIRT1, such as negatively reg-
ulating NF-xB-dependent gene expression by deacetylating p65 Lys 310
[73], and has been shown to participate in the pathogenesis of multiple
diseases such as colitis and arthritis by regulating the inflammatory
pathway [74,75]. Nevertheless, no study has clearly shown whether
SIRT2 participates in the pathological development of T2DM and DKD
through the inflammatory pathway.

3.2.3. Role in autophagy

SIRT2 is also involved in the autophagy process. Unlike SIRT1 in-
teracts with FOXO1 in the nucleus, SIRT2 deacetylates acetylated
FOXO1 in the cytoplasm. Reduction of SIRT2 activity inhibits the
deacetylation of FOXO1, and acetylated FOXO1 interact with Atg7 in
the cytosol and induce autophagy in cancer cells [76].

3.3. SIRT3

SIRT3 is mainly located in mitochondria, acting as a NAD " -de-
pendent deacetylase to regulate mitochondrial protein deacetylation
[77]1 and energy homeostasis [78]. Through its deacetylation effects,
SIRT3 is involved in the development of metabolic diseases including
T2DM and DKD [79] (Fig. 4). Clinical studies have revealed that SIRT3
activity is decreased in skeletal muscle and pancreatic islets [80] in
diabetic patients and that high SIRT3 expression levels are associated
with longevity [81]. SIRT3 knockout mice show decreased oxygen
consumption, reduced glucose-stimulated insulin secretion, elevated
acetylation of mitochondrial proteins and increased oxidative stress
[80,82,83].

3.3.1. Role in mitochondrial biogenesis and oxidative stress

SITR3 deacetylates acetyl-CoA synthetase 2 (AceCS2), an important
rate-limiting enzyme in the citric acid cycle to participate in glycolysis,
and deacetylates glutamate dehydrogenase (GDH), which is responsible
for amino acid oxidation in the citric acid cycle [84]. SIRT3 also dea-
cetylates long-chain acyl-CoA dehydrogenase (LCAD), a key enzyme in
fatty acid oxidation, resulting in the activation of fatty acid metabolism
[85]. SIRT3 is essential for the maintenance of basal ATP levels and
mitochondrial electron transport. It deacetylates complex I and com-
plex II, especially the succinate dehydrogenase flavoprotein (SDHA)
subunit of electron transport chain (ETC), to increase their activity,
further elevating mitochondrial oxidative phosphorylation [82,86,87].
The overexpression of SIRT3 deacetylates ATP synthase and further
increases ATP levels [82,86,87].

SIRT3 has been shown to play a central role against mitochondrial
oxidative stress through the deacetylation and activation of antioxidant
enzymes such as isocitrate dehydrogenase 2 (IDH2) and SOD2 [88-90].
Our previous report also demonstrated that the expression of acety-
lated-SOD2 and -IDH2 was significantly increased in mitochondria
isolated from renal cortex of ZDRs, compared to Zucker lean diabetic
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stress, inflammation, autophagy/mitophagy, and mitochondrial fusion, the multiple mechanism. SITR3 also participates in cellular metabolism including citric acid
cycle, glycolysis, acid oxidation. (B) SIRT3 suppression is associated with abnormal glycolysis and fibrogenesis through HIF1a accumulation, Pyruvate kinase M2

(PKM2)(dimer) formation and TGF-B/smad pathway.

rats, which is associated with SIRT3 inactivation in diabetic kidney
[32]. Additionally, SIRT3 inhibition increases the acetylation of both
SOD2 and p53 protein to aggravate oxidative stress in an acute kidney
injury (AKI) rat model [91]. Primary pancreatic islets of SIRT3
knockout mice and pancreatic B cell lines (MIN6) exhibit decreased
SIRT3 expression and increased SOD2 acetylation, leading to impaired
glucose-stimulated insulin secretion and glucose-stimulated ATP gen-
eration, associated with oxidative stress [83]. In addition to the direct
deacetylation of SOD2, SIRT3 upregulates the expression SOD2 and
catalase by deacetylating FOXO3a to increase its transcriptional ac-
tivity [92].

SIRT3 is related to mitochondrial fusion and fission processes.
Previous research demonstrated that SIRT3 deacetylates and actives
mitochondrial fusion proteins such as OPA1 at the lysine 926 and 931
residues and elevates its GTPase activity to regulate mitochondrial
dynamics and further protects cardiomyocytes from stress [93]. The
AMPK activator, 5-aminoimidazole-4- carboxamide-1-B-D-ribofurano-
side (AICAR) can reduce cisplatin-induced AKI and improve renal
function via the deacetylase activity of SIRT3. SIRT3 deficiency ex-
acerbates AKI accompanied by the increased expression of Drpl and the
decreased expression of OPA1 and PGC-1a, which leads to a shift in
mitochondria dynamics toward fission [94].

3.3.2. Role in inflammation
Currently, there are limited reports on SIRT3 and inflammation. In a
rat insulinoma Cell line (INS1 cells), SIRT3 knockdown results in not

only impaired insulin secretion but also impaired protective effects of
nicotinamide mononucleotide on inflammatory cytokines, such as TNF-
a and IL-1f [83]. Another research showed that AGEs decrease SIRT3
expression in endothelial progenitor cells (EPCs) and increase IL-8,
which may be involved in the pathogenesis of diabetes-related vascular
complications [95]. Additionally, SIRT3 ameliorates lipotoxicity-
mediated ROS and inflammation in renal proximal tubular cells [96].
Furthermore, our previous study showed that SIRT3 suppression asso-
ciated activation of transforming growth factor B (TGFB)/Smad sig-
naling and renal fibrosis through induction of abnormal glycolysis by
modulating the HIF1la accumulation and increase PKM2 dimer forma-
tion, leading to abnormal glycolysis and, ultimately, diabetes-asso-
ciated kidney fibrosis [97].

3.3.3. Role in autophagy

The relationship between SIRT3 and autophagy in different tissues
and organs shows different results. Under HFD condition, SIRT3 over-
expression causes AMPK inhibition and mTORC1 activation, resulting
in autophagy suppression in hepatocytes [98]. However, SIRT3 over-
expression can upregulate p-AMPK and downregulate p-mTOR to pro-
mote autophagy in AKI model mice [99].

3.4. SIRT4

SIRT4 is considered to be a mitochondrial protein located in the
mitochondrial matrix and is widely expressed in multiple organs and

-390-



J. Xu, et al.

A

Pancreatic B cell

BBA - Molecular Basis of Disease 1866 (2020) 165756

S|RT4\1/ ADP—ribosyIation\],’_ GDH’[‘ TCA CYC|E/P9.ATP.’|\
(In response to amino acid)

1 deacylation,
9
5 Acyl-Mccch
é Leucine [N | cine P
catabolism,
"
v
ANT2 Eammmdl ATP
Adipocyte

Skeletal muscle

SIRT4d Deacetylation?,, [PYEVIS N — Malonyl-CoAd,

Hepatocyte

ANT2
IR - — od AMPK Bl PGC-1a7 g

Hepatocyte
Skeletal muscle

SIRT4Y, Gmdl SIRT1T femd PGC-la1 [ud

}
Insulinsecretion® —Insulnresistance

Fig. 5. (A) SIRT4 suppression positively regulates insulin secretion from pancreatic p cell, and chronic elevated insulin secretion progresses insulin resistance. (B)
SIRT4 suppression induces the increased fatty acid oxidation (FAO) and mitochondrial gene expression, and reduction of lipogenesis.

tissues of mammals including liver, muscle and kidney [100]. SIRT4 is
characterized as a NAD"-dependent ADP-ribosylase, deacylase and
acylase, and is involved in the regulation of metabolism and mi-
tochondrial function [101] (Fig. 5). Previous reports showed that SIRT4
in mitochondria is related to the regulation of insulin secretion from 3
cell and glucose tolerance. Pancreatic 3 cells in SIRT4 deficient mice
exhibits promotion of insulin secretion, which is associated with GDH
activation [101]. GDH catalyzes the conversion of glutamate to a-keto-
glutamate, an intermediate of the citric acid cycle (TCA) cycle. Through
the utilization of glutamate and the increasing of mitochondrial ATP
production, GDH is activated to promote insulin secretion, while SIRT4
suppresses GDH activity by its ADP-ribosylation, resulting in the
downregulation of insulin secretion [101]. In SIRT4-depleted INS-1E
cells, insulin secretion is markedly increased under high glucose con-
ditions. SIRT4 catalyzes the ADP-ribosylation of adenine nucleotide
translocator2 (ANT2), an ATP/ADP translocase that transports ATP into
the cytosol and ADP into the mitochondrial matrix, to reduce ATP
production, then negatively regulates insulin secretion [102]. Ad-
ditionally, SIRT4-deficient mice exhibit the elevated basal and stimu-
lated insulin secretion through leucine-induced GDH activation, leading
to develop age-related glucose intolerance and insulin resistance [103].
The absence of SIRT4 increases and destabilizes methylcrotonyl-CoA
carboxylase complex (MCCC) acylation, leading to decreased leucine
oxidation.

3.4.1. Role in mitochondrial biogenesis

SIRT4 may exhibit the opposite functions by decreasing mitochon-
drial function including fatty acid oxidation, compared to SIRT3.
During the fed state, SIRT4 inhibits the activity of malonyl-CoA dec-
arboxylase (MCD) through deacetylation of its enzyme, resulting in an
increase in malonyl-CoA. Increased malonyl-CoA promotes lipid
synthesis and suppresses fatty acid oxidation by inhibition of carnitine
palmitoyltransferase (CPT1), in white adipose tissue and skeletal

muscle of mice [104]. In contrast, the loss of SIRT4 can activate AMPK
via ANT2 uncoupling with SIRT4 to decrease ATP levels in insulin-
producing INS-1E cells [105]. Activated AMPK leads to increased PGC-
la expression, resulting in fatty acid oxidation and mitochondrial
genes. Another study confirmed that SIRT4 knockdown in primary mice
hepatocytes increases the expression of fatty acid oxidation-related
genes such as medium-chain acyl-CoA dehydrogenase (MCAD), CPT1
and PPARq, and mitochondrial genes including PGC-1a. SIRT4-medi-
ated these effects were dependent on SIRT1 [106]. The mRNA levels of
hepatic SIRT4 were significantly increased in ob/ob, db/db, and KKAy
mice, which have obesity, diabetes and hepatic steatosis [106]. In pri-
mary myotubes, SIRT4 knockdown resulted in the increased fatty acid
oxidation and cellular oxygen consumption [106].

3.4.2. Role in inflammation

To date, a few studies have confirmed that SIRT4 is involved in the
inflammatory pathway and oxidative stress. In human umbilical vein
endothelial cells (HUVECS), silencing SIRT4 exacerbates the expression
of IL-1f3, IL-6 and IL-8, while increasing the nuclear translocation and
the transcriptional activity of NF-xB [107]. Further research confirmed
that SIRT4 overexpression suppresses the Phosphoinositide 3-kinase
(PI3K)/Akt/NF-kB pathway and improves oxidized LDL-induced en-
dothelial injury in HUVECs [108]. SIRT4 reverses high glucose-induced
decreases in mitochondrial membrane potential and decreases ROS
accumulation and inflammation in mouse cultured podocytes [109].
Additionally, a clinical study showed that compared with healthy in-
dividuals, T2DM patients have much lower SIRT4 mRNA levels in
granulocytes and monocytes [110].

3.5. SIRT5

SIRTS is another mitochondrial protein member in the sirtuin family
and is expressed broadly in multiple organs, especially in the brain,
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Fig. 6. SIRT5S participates in metabolism including urea cycle, glycolysis, fatty acid oxidation (FAO), TCA cycle and ketone body production. SIRT5 also regulates
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heart, kidney and skeletal muscle [111,112]. SIRT5 participates in the
regulation of metabolism and mitochondrial function through multiple
mechanisms (Fig. 6). Previous studies showed that SIRT5 is a NAD*-
dependent deacetylase activating carbamoyl phosphate synthetase 1
(CPS1), a critical enzyme for detoxification of excess ammonia, to
regulate the urea cycle [112,113]. Other posttranslational modifica-
tions of SIRT5 also include malonylation or succinylation on lysine
residues in the enzymes associated with glycolysis, fatty acid oxidation
and ketone production such as glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), PKM2, very long-chain acyl-CoA dehydrogenase
(VLCAD), trifunctional enzyme subunit alpha (ECHA) and 3-hydroxy-3-
methylglutaryl-CoA synthase 2 (HMGCS2) [113-119]. These findings
indicate that SIRT5 may participate in metabolic pathway. Never-
theless, although a global increase in hypersuccinylated proteins and
elevated serum ammonia under fasting conditions are observed in
SIRT5 knockout mice, no overt metabolic disorders under either chow
or HFD conditions are observed [120]. Similarly, despite leading to
widespread decreases in protein acetylation, the overexpression of
SIRT5 does not have significant effects on mitochondrial or cellular
metabolism in mice [121]. In contrast, subsequent research showed
that SIRT5 overexpression in ob/ob mice resulted in decreased mal-
onylation and succinylation, leading to improved cellular glycolysis,
suppressed gluconeogenesis, enhanced fatty acid oxidation, and atte-
nuated hepatic steatosis [122]. Role of SIRT5 on insulin secretion and
pancreatic B cell survival is also controversial. A research demonstrated
that SIRT5S negatively regulates pancreatic and duodenal homeobox 1
(PDX1), which is a regulator of insulin gene expression and pancreatic 3
cell survival, through its deacetylase activity, despite SIRT5 having
weak deacetylase activity [123]. Interestingly, SIRT5 mRNA levels were
significantly upregulated in plasma of patients with T2DM. However,
another research showed that SIRT5 protects pancreatic [ cells against
glucolipotoxicity-induced apoptosis and decrease in insulin secretion
[124].

3.5.1. Role in mitochondrial biogenesis

SIRTS5 is involved in the regulation of mitochondrial function and
oxidative stress. SIRT5 desuccinylates and suppresses activities of pyr-
uvate dehydrogenase complex (PDC) and succinate dehydrogenase
(SDH), resulting in reduction of TCA cycle activity [125]. SIRT5 also
deacetylates STAT3 and inhibits its mitochondrial translocation, where
intern decrease in TCA cycle activity [126]. In contrast, a study showed
that SIRT5 binds to cardiolipin and desuccinylates inner mitochondrial
membrane proteins including multiple subunits of four ETC complexes
and ATP synthase, leading to promote respiratory chain function [119].
On the role of SIRT5 for the regulation of redox status, silencing SIRT5
inhibits IDH2 and G6PD desuccinylation, decreasing NADPH produc-
tion and impairing the process of scavenging ROS, which leads to in-
creasing cellular oxidative stress in murine embryonic fibroblasts (MEF)
[127]. In mouse primary hepatocytes, the overexpression of SIRT5 in-
creased ATP synthesis and oxygen consumption in a dose-dependent
manner. SIRT5 is positively regulated by PGC-1a in a PPARa- and es-
trogen-related receptor (ERR)a-dependent manner; in contrast, inter-
estingly, SIRT5 is negatively regulated by the AMPK activator met-
formin, which is the most widely used oral medication for T2DM [128].

3.5.2. Role in inflammation

The mechanism of the involvement of SIRT5 in inflammation is
limited. Hypersuccinylation of PKM2 due to SIRT5 deficiency inhibits
its enzymatic by promoting its tetramer-to-dimer transition, leads to
promote to entry into nucleus, where a complex of PKM2-HIFla is
formed at the promoter of IL-1p gene in LPS-stimulated macrophages
[129]. However, considering that the NAD*/NADH ratio is associated
with inflammation, the decreased levels of NAD* were related to the
increased expression of SIRT2 and the decreased expression of SIRT5 in
endotoxin-tolerant macrophages [130]. SIRT5 deficiency decreased the
Toll-like receptor (TLR)-induced expression of inflammatory cytokines,
such as IL-6. Competing with SIRT2, which deacetylates NF-kB p65 to
relieve inflammation, SIRT5 enhances the acetylation of p65 in a
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deacetylase activity-independent manner, which consequently leads to
the activation of the NF-xB pathway and its downstream cytokines, such
as IL-6, TNF-a and MCP-1 [130].

3.5.3. Role in autophagy

SIRTS5 silencing results in the increased succinylation of glutami-
nase, a key enzyme that transforms glutamine into glutamate to pro-
duce ammonia in mitochondria. In this process, autophagy and mito-
phagy increased the expression of the autophagy markers LC3 paralogs,
the mitophagy marker BCL2 Interacting Protein3 (BNIP3) and the mi-
tophagy pathway PINK1-PARK2 in human breast cancer cell lines MDA-
MB-231 and mouse myoblast C2C12 [131]. Moreover, in SIRT5-over-
expressing cells, the level of mitochondrial fusion markers such as Mfn2
and OPALl increased, which indicates the relationship between SIRT5
and autophagy via mitochondrial quality control [131].

3.6. SIRT6

SIRT6 is mainly located in the nucleus and functions as a nuclear
ADP-ribosyltransferase [132] and NAD*-dependent deacetylase [20].
SIRT6 has been identified to be involved in a variety of metabolic
processes [133-138], lifespan [139,140], inflammation [141-143],
DNA damage repair [144,145] and circadian rhythm [146]. SIRT6 is
involved in the regulation of metabolism and mitochondrial function
through multiple mechanisms (Fig. 7). Role of SIRT6 on glucose
homeostasis which is associated with the pathogenesis for T2DM has
been showed by several SIRT6 gene altered animals. Whole body
SIRT6-deficient mice develop multiple metabolic defects, such as lower
insulin like growth factor-1 (IGF-1) levels and severe hypoglycemia,
eventually dying at approximately 4 weeks [140]. Liver-specific SIRT6-
deficient mice are characterized by increased glycolysis and triglyceride
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synthesis and reduced B-oxidation, which ultimately leads to fatty liver
[133]. Muscle-specific SIRT6-deficient mice show impaired glucose
tolerance, insulin resistance, attenuated whole body energy ex-
penditure, and weakened exercise performance [147]. Pancreatic {3 cell
specific SIRT6 knockout mice have lower ATP levels and mitochondrial
complex levels in islets and glucose intolerance [137]. The myeloid
specific SIRT6 knockout mice fed-HFD exhibited greater increases in
body weight, fasting blood glucose and insulin levels, hepatic steatosis,
glucose intolerance, and insulin resistance, compared to their wild-type
littermates [148]. These findings indicate that SIRT6 may be a potential
target involved in the pathogenesis of T2DM.

3.6.1. Role in glucose metabolism

Previous studies have confirmed that SIRT6 plays a pivotal role in
the regulation of glycolysis and glycogen synthesis. SIRT6-deficient
cells such as muscle cells and ES cells exhibit increased H3K9 acetyla-
tion in the promoters of glycolytic genes such as lactate dehydrogenase
(LDH), triose phosphate isomerase (TPI), glucose transporter 1
(GLUT1), aldolase, and phosphofructokinase-1 (PFK1), accompanied by
increased HIF1a transcriptional activity, leading to the upregulation of
glycolysis and diminished mitochondrial respiration [134]. Ad-
ditionally, tumor suppressor p53 directly activates SIRT6, which dea-
cetylates FOXO1 that in turn reduces the interaction of FOXO1 and its
downstream gluconeogenesis gene, such as phosphoenolpyruvate car-
boxykinase (PEPCK) and glucose-6-phosphate (G6P) [149]. Conversely,
SIRT6 induces PGC-1a acetylation by enhancing the activity of general
control nonrepressed protein 5 (GCN5), which leads to decreases in
gluconeogenesis genes, such as G6P and PEPCK, and then suppresses
hepatic gluconeogenesis [135].
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Fig. 7. SIRT6 regulates mitochondrial function related to fatty acid oxidation (FAO), oxidative phosphorylation (OXPHOS), oxidative stress, inflammation, autop-
hagy/mitophagy and apoptosis, the multiple mechanism, and participates in the regulation of glycolysis and hepatic glucose production as well.
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3.6.2. Role in mitochondrial biogenesis

SIRT6 was also shown to be connected to mitochondrial function
and oxidative stress. Glucose-stimulated insulin secretion and ATP
production are decreased in SIRT6-deficient MIN6 cells, which is re-
lated to mitochondrial damage [137]. The deletion of SIRT6 in muscle
decreased the expression of genes involved in glucose and lipid uptake,
fatty acid oxidation, and mitochondrial OXPHOS because of the lower
AMPK phosphorylation [147]. SIRT6 overexpression reduces ROS levels
and relieves oxidative stress in glioma cells [150]. SIRT6-deficient
human embryonic stem cells (hESCs) exhibit elevated ROS levels,
leading to oxidative stress. SIRT6 regulates the cellular redox home-
ostasis by co-activating Nrf2 antioxidant pathway. SIRT6 associates
with Nrf2 and deacetylates H3K56 at the promoter of Nrf2 target genes
such as HO-1, which is required for the recruitment of RNA polymerase
II complex and subsequent transcriptional activation of Nrf2 and then
restoring the oxidative damage caused by SIRT6 deficiency in hESCs
[151]. Additionally, SIRT6 overexpression in cultured HVECs attenu-
ates the decreased endothelial nitric oxide synthase (eNOS) level in-
duced by hydrogen oxide (H,0,) [152].

3.6.3. Role in inflammation

SIRT6 has been confirmed to be involved in inflammation. It ne-
gatively regulates NF-xB signaling by deacetylating H3K9 at chromatin,
leading to suppression of inflammation [141]. A clinical study showed
that compared with nondiabetic individuals, T2DM patients have de-
creased SIRT6 expression in carotid plaque obtained from individuals
undergoing carotid endarterectomy, which is related to oxidative stress
and inflammation [153]. SIRT6-deficient macrophages from Sirt6
knockout mice showed hyperacetylation of H3K9 and increased occu-
pancy of c-JUN in the promoter of inflammatory-related genes, leading
to the elevation of their gene expression [142].

3.6.4. Role in DKD

SIRT6 was also found to be involved in the pathogenesis of DKD.
The expression of SIRT6 evaluated by immunohistochemistry staining
was markedly reduced in renal biopsies from patients with diabetic
nephropathy, compared to normal subjects, diabetic patients without
nephropathy and patients with other renal diseases such as IgA ne-
phropathy and membranous nephropathy [154]. The mRNA levels of
SIRT6 were positively correlated with estimated glomerular filtration
rate (eGFR) and negatively correlated with proteinuria [154]. As the
mechanism by which SIRT6 protect against diabetes-induced renal in-
juries, particularly podocyte injury, SIRT6 inhibits Notch1 and Notch4
transcription by deacetylating H3K9 in podocytes, leading to reduction
of inflammation, apoptosis and induction of autophagy [154]. Ad-
ditionally, other report showed that SIRT6 overexpression attenuates

high glucose-induced mitochondrial dysfunction in podocytes through
H3K9 and H3K56 deacetylation and AMPK activation to maintain mi-
tochondrial function and protect from apoptosis [155]. Furthermore,
the overexpression of SIRT6 in macrophages protected podocytes
against high-glucose-induced injury such as apoptosis through promo-
tion of the macrophage M2 transformation [156].

3.7. SIRT7

Similar to SIRT1, SIRT?7 is located throughout the nucleus and can
be found in nucleoplasm, especially in the liver. SIRT7 is the least well-
understood member of the sirtuin family [157,158]. An initial study
confirmed that SIRT7 interacts with RNA polymerase I and positively
regulates its transcriptional activity to maintain cell viability [157].
SIRT7 also functions as an NAD " -dependent deacetylase to participate
in multiple cellular processes, such as DNA repair, cell survival, aging
and cancer [158-161]. Numerous studies have shown that SIRT7 is
involved in lipid and energy metabolism, which illuminates its potential
connection to aging-related diseases such as T2DM, even though these
studies are contradictory and controversial [158,159,162,163]. One
research showed that SIRT7 knockout mice have a shorter lifespan,
heart hypertrophy and inflammatory cardiomyopathy [159]. In con-
trast, another research showed that SIRT7 knockout mice are resistant
to HFD-induced fatty liver, obesity and glucose intolerance [162]. Ad-
ditionally, SIRT7 knockout mice ameliorates cisplatin-induced AKI and
inflammation through reduction of nuclear translocation of NF-kB(p65)
and suppressing the expression of TNF-a [164]. However, role of SIRT7
on the pathogenesis for DKD still remains unknown (Fig. 8).

3.7.1. Role in mitochondrial biogenesis

SIRT7 plays important roles in the regulation of mitochondrial
function. SIRT7 deacetylates lysine residues located in the hetero- and
homodimerization domains of GA-binding protein f1 (GABPf1), a key
regulator of nuclear-encoded mitochondrial genes, which induces the
formation of the active GABPa/GABPJ complex and enhances the ex-
pression of mitochondrial genes. SIRT7-deficient mice show multi-
systemic mitochondrial dysfunction, such as increased blood lactate
levels, plasma triglycerides and free fatty acids, cardiac dysfunction,
and age-related hearing loss, while SIRT7 overexpression rescues these
mitochondrial functional defects [165]. Additionally, SIRT7 amelio-
rates mitochondrial protein folding stress (PFS™) by suppressing NRF1
activity and reducing the expression of the mitochondrial translation
machinery [166].
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Table 2
The direct effects of Sirtuins in T2DM and DKD.
Sirtuins Enzyme activity =~ Substrates Effect for Activators
pathophysiology
of T2DM and DKD
SIRT1 Deacetylase PGC-1a Mitochondrial CR
biogenesis? Resveratrol
Oxidative stress) BF175
Nrf2-ARE EMT} SRT1720
NF-xB (p65) Oxidative stress)
STAT3 Inflammation|
LC3,Atg5,Atg7 Apoptosis),
Mfnl, Mfn2 Autophagy/
mitophagy?
Mitochondrial
fusion?
SIRT2 Deacetylase FOXO3a Oxidative stress) -
G6PD Oxidative stress|
Mfn2,Drpl,TFAM  Mitochondrial
fission|/fusion?
NF-xB (p65) Inflammation|
PGC-1a Mitochondrial
biogenesis?
SIRT3 Deacetylase SOD2 Oxidative stress) AICAR
IDH2 Oxidative stress) Honokiol
FOXO3a,catalase = Oxidative stress)
OPA1,MFN1 Drpl  Mitochondrial
PGC-1a fission|/fusion?
Mitochondrial
biogenesis?
SIRT6 Deacetylase Nortchl/4 Inflammation|, -
autophagy?,
AMPK apoptosis|
Mitochondrial
NF-kB, c-JUN biogenesis?,
eNOS apoptosis)
Nrf2-RNAP I Inflammation)
complex Oxidative stress|
HIFla Oxidative stress|
PGC-1a,GCN5
Glycolysis|
Hepatic glucose
production|

4, Activators of Sirtuins in T2DM and DKD

Based on the role of the Sirtuins family mentioned above, especially
the role of SIRT1, 3 and SIRT6 in the pathogenesis of T2DM and DKD,
activators of sirtuins have been investigating as potential targets for
ameliorating T2DM and DKD. Some of them played positive roles in
improving mitochondrial function, inhibiting oxidative stress and in-
flammation.

Resveratrol (RSV) is the most well-known compound for stimulating
sirtuins [167]. In a clinical study, RSV increased insulin sensitivity via
Akt/protein kinase B (PKB) pathway, then reduced oxidative stress in
T2DM patients [168]. It can increase the number of mitochondria in the
muscle of KKAy mice by deacetylation of PGC-1a, protecting against
diet-induced obesity and insulin resistance [169]. It can also reduce the
oxidative damage and apoptosis of podocytes induced by high-glucose
stimulation via SIRT1/PGC-la-mediated mitochondrial protection
[170]. In liver of old mice, RSV can reduce the expression of TNF -a, II-
1B , which are increasing during aging [171]. In subsequent studies,
more efficient activators were found. SRT1720 is a small molecule ac-
tivator of SIRT1 that are structurally unrelated to, and 1000-fold more
potent than RSV. It can improve insulin sensitivity, lower plasma glu-
cose, and increase mitochondrial capacity in adipose tissue, skeletal
muscle and liver of Zucker fa/fa rats [172]. SRT1720 deacetylates PGC-
la to improve mitochondrial biogenesis and NF-kB to inhibit in-
flammatory pathway in vivo and in vitro [173]. It activates AMPK in a
SIRT1-independent manner to increases mitochondrial function in
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skeletal muscle [174] and attenuates renal fibrosis by inhibiting oxi-
dative stress [175]. BF175 is another new potent, selective agonist of
SIRT1. It can protect podocytes from high glucose-induced injury by
improving the mitochondrial function and homeostasis via PGC-1a
activation in a SIRT1-dependent manner [176] (Fig. 2, Table 2).

As an activator of AMPK, AICAR can reduce cisplatin-induced AKI
and improve renal function via the deacetylase activity of SIRT3 [94].
Honokiol is a natural biphenolic compound with anti-inflammatory,
anti-oxidative effects [177]. Previous studies demonstrated that as an
activator of SIRT3, honokiol increases SIRT3 activity to deacetylate
mitochondrial MnSOD in a dose dependent manner to reduce ROS
production in cardiomyocytes [177]. Further research showed that
honokiol increased expression of MFN1 and OPA1l to maintain the
mitochondrial fusion dynamics in cardiomyocytes [178] (Fig. 4,
Table2).

5. Conclusion

Existing studies elucidate the role of mitochondrial function in the
pathogenesis of T2DM and DKD, showing that the regulation of mi-
tochondrial oxidative stress, biogenesis, mitophagy, fusion and fission
processes and other potential mechanisms is involved. As described
above, Sirtuins have been confirmed by numerous studies to participate
in the regulation of mitochondrial quality control through multiple
mechanisms. In particular, SIRT1, 2, 3 and 6 are closely involved in the
pathogenesis for T2DM and DKD, we speculate that it may be closely
related to their deacetylation effects; therefore, they are considered to
be potential targets to relieve insulin resistance, T2DM and DKD.
However, there is little direct evidence that SIRT4, 5 and 7 is involved
in the pathogenesis for T2DM and DKD. Given its effects on metabolism,
and although there are still some contradictions on the physiological
role on metabolism and mitochondrial regulation, SIRT4, 5 and 7 is
hypothesized to play a role in the pathogenesis for T2DM and DKD.
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1) B9 (Goal)
SEFBEEFHETIBDRXKILZESELT. BMERE TH O THHEIRBRERET S2EEHNELF
TRELTWS, ([EREHEBERICZEAIEHE -1 RAUIRREE R I O#FERA LT R ELENEET
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MEMNFEINLEWNEXFASMNIZLE 5), LA, GIPEFEA T AKMAAD ML IXIThNT . KHEE
DEFEIETATH D, T THARIIMCTO REAERBAKHMBICR(XTHZEICT DL TRETT 5,
%?Eg%%EGIPﬁ%ﬁ%ﬂ%?)béﬁﬁ0)?5%(6)’&)5!5]L\’C1’E§¥L\ R R AR EAN D EE
2) B B& (Approach)
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(@pLIVE(Liver In Vivo Expression) Vector|ZGIPIBIZFZEALT-GIPE HIH TS5 AZF(pLIVE-GIPVector)
%)1’%%@ BAERITHRZEELTCIPBEIRIETYHREER TS,
3) Ai
BER (10%2—F44J)L). MCTE (45%MCTA A L), LCTE (45%5—FA 1 IL)ZFALTKIfaZ Rtk E
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f=o OCTTHAOGIPIHEE (L, SLCTRYIRA, BERBIYIRIZLERLTMCTEY VA TRLEMN 2T,
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5) &% (Discussion)

DGIPH i EFELLELWMCTOERIER T TlE. FIILa—XIZx 3T 5GP i iFshTaY . £1-0E
B33 AGIP i TTHEEZ RO T-. EMCTE YO ADKH CGIPEIZFHRIRDIETZRHI=1-6. GIP
HIRIZBH SEE R FPIx1(8)DHKIFE ML I-AME TEERHLEM o=, LLEM B, P LIS DERE R
FABESLTWAAEEENH S, IBIHEIRZE OGP D ITHEERDT-1-6. KHEIZH TS5 HEER
HMIZWHBATHAIEIHEEZ BIAGPR40EGPR120 O)DHRINEF LML -A . YO ADKHEMTEEL
EERDEIo=, SRITKBBADIEIHEBHZIBRADRIRZIEMIT LT ETHD, QGIPH hBEEI<
zxm’ﬁiﬂl:ﬁil}] Ltz SEIENSEHBEATFREBZT o C. AEHBEA VR VRS H AT

6) =& ik (References)
1. Harada N, Yamada Y, Tsukiyama K, Yamada C, Nakamura Y, Mukai E, Hamasaki A, Liu X, Toyoda K,
Seino Y, Inagaki N. A novel GIP receptor splice variant influences GIP sensitivity of pancreatic beta—

cells in obese mice. Am J Physiol Endocrinol Metab. 2008 Jan;294(1):E61-8. Epub 2007 Oct 30

2. Shimazu—Kuwahara S, Harada N, Yamane S, Joo E, Sankoda A, Kieffer TJ, Inagaki N. Attenuated
secretion of glucose—dependent insulinotropic polypeptide (GIP) does not alleviate hyperphagic obesity
and insulin resistance in ob/ob mice. Mol Metab. 2017 Jan 19;6(3):288-294

3. Joo E, Harada N, Yamane S, Fukushima T, Taura D, Iwasaki K, Sankoda A, Shibue K, Harada T, Suzuki
K, Hamasaki A, Inagaki N. Inhibition of Gastric Inhibitory Polypeptide Receptor Signaling in Adipose
Tissue Reduces Insulin Resistance and Hepatic Steatosis in High—Fat Diet—Fed Mice. Diabetes. 2017
Apr;66(4):868-879

4. Yamane S, Harada N, Hamasaki A, Muraoka A, Joo E, Suzuki K, Nasteska D, Tanaka D, Ogura M,
Harashima S, Inagaki N. Effects of glucose and meal ingestion on incretin secretion in Japanese subjects
with normal glucose tolerance. J Diabetes Investig. 2012 Feb 20;3(1):80-5

5. Nasteska D, Harada N, Suzuki K, Yamane S, Hamasaki A, Joo E, lwasaki K, Shibue K, Harada T, Inagaki
N. Chronic reduction of GIP secretion alleviates obesity and insulin resistance under high—fat diet
conditions. Diabetes. 2014 Jul;:63(7):2332-43

6. Yamashita T, Fujii T, Yamauchi I, Ueda Y, Hirota K, Kanai Y, Yasoda A, Inagaki N. C—Type Natriuretic
Peptide Restores Growth Impairment Under Enzyme Replacement in Mice With Mucopolysaccharidosis
VII. Endocrinology. 2020 Feb 1;161(2):bgaa008

7. Suzuki K, Harada N, Yamane S, et al. Transcriptional regulatory factor X6 (Rfx6) increases gastric
inhibitory polypeptide (GIP) expression in enteroendocrine K—cells and is involved in GIP hypersecretion
in high fat diet—induced obesity. J Biol Chem 2013;288:1929-1938

8. Ikeguchi E, Harada N, Kanemaru Y, Sankoda A, Yamane S, Iwasaki K, Imajo M, Murata Y, Suzuki K, Joo
E, Inagaki N. Transcriptional factor Pdx1 is involved in age—related GIP hypersecretion in mice. Am J
Physiol Gastrointest Liver Physiol. 2018, 1(315):G272-G282.

9. Sankoda A, Harada N, Kato T, Iwasaki K, Yamane S, Ikeguchi E, Murata Y, Hirasawa A, Inagaki N. Free
fatty acid receptors, G protein—coupled receptor 120 and G protein—coupled receptor 40, are essential
for oil-induced gastric inhibitory polypeptide secretion. J Diabetes Investig. 2019, 10(6):1430-1437.

~402-




MEEES: G4108

2. $IZE /L Publication of thesis XE2&L1=3X % R FLTEELY, Attach all of the papers listed below.
e . . . . _
. ene expression or nutrient—sensing molecules In 1l cells O reporter male mice
Title G f nutrient | [ I cells of CCK rt [
o Journal of Molecular Endocrinology
Published journal _
2021 4 1 B 66 (8 n B ~ 2 = mzz@ English
F1EFA F2EEZA - EIEEH - i
First author Tomoko Kato Sewond author Norio Harada Third author Eri Ikeguchi—Ogura
%g&?ﬂﬂfahof Akiko Sankoda, Tomonobu Hatoko, Xuejing Lu, Takuma Yasuda, Shunsuke Yamane and Nobuya Inagaki
X4 2
Title
SR
Published journal
=5z
= ~ [=N:]=]
& A #(8) B B GRS
B1EESA F2EESA EIEEFA
First author Second author Third author
TOMEESA
Other authors
W4 3
Title
BEGE
Published journal
=:h
= ~ [=N:]=]
& A #(8) " B o
F1EES F2EER FEIEEL
First author Second author Third author
THDhEZESA
Other authors
XA 4
Title
BEEA
Published journal
=:h
= ~ [=N:]=]
& A #(8) B B o
F1EEL F2EBL EREZ-F
First author Second author Third author
THhEZSA
Other authors
WX 4 5
Title
eEEEA
Published journal
=:h
= ~ [=N=]=]
~ & A _ B® B B e
ERE-F E2EBSA EIEEHA
First a_'L_J'_thOI’ Second author Third author
TOthEES
Other authors

~403-



MEEES: G4108

3. EEFE Conference presentation XZEEREELLTHR ERFREEUINFPLTRRL-LOEREHL TGS,

Describe your presentation as the principal presenter in major academic meetings including general meetings or international meeting

=h AN
=
Conference

B O
Topic

BH{ER date

-3

A

H

Bi{EHh venue

=X method

[0 RAEEXK Oral

[] RARR—FK Poster i

Language [

O @

HEEESR

Co—presenter

=h AN
=
Conference

E
Topic

BAfE B date

-3

A

H

B{E L venue

=X method

[] OEEHZFE Oral

H RRAA—FFK Poster Si& Language [

m
»
]
L]
i
oM

O sEE

HEEER

Co—presenter

a5 A
=
Conference

E 8
Topic

B H date

-3

A

H

BRfEH venue

=X method

[] OEEHEFK Oral

RRA— oster §i& Language
] RRE—FER P & L

O

HERES

Co—presenter

5 A
F==
Conference

N 8
R
Topic

BB date

-3

A

H

BRfEH venue

= method

[] OEEHEZFK Oral

] RRA—FFK Poster §i& Language

O EE

HERES

Co—presenter

4. 25 (AFZ2Z4E) Award (Research achievement)

B 5

Award name

E#A

Country

ZEF
Year of award

B 5

Award name

E#A

Country

SZEF
Year of award

~404-




5 AHET—ICEHAOAEBIEE Z# Other research grants concerned with your resarch theme

MEEHES: G4108

Receipt record

B Al H RS 4 F
Funding agency
B2 A ¥R
Grant name
SHRAAM
Supported period

Zia

a#s

S

Amount received
Receipt record
Bh AR & 4
Funding agency

B R& & F5
Grant name
R

Supported period

=4

a#

Amount received

6. D IEFEZH Another awarded scholarship

ZIaER
Receipt record
BhA A& 1
Funding agency

RELAWM
Scholarship name
e A
Supported period

o

)

3

Amount received

7. HEEENRIT AEREFK T Press release concerned with your research activities

WECT L 2B EIRTL TS ELY, Attach a copy of the article described below

Press release

FREE

Released medium
HE&RH

Release method

ERA(MIL

Released title

O

-#ifE -HEE -Web site

] [

= H

REEER - FDth(

Date of release

8. KX T—VIZRET 5455 HFEF E Patent application concerned with your research theme

HFAFE HREE
Scheduled O# | = Application
HEHNA (BR)
Application contents

9. ZM1h Others
2019F12AMDBREfRNFABINT L)L) [ZEBLEL

EEHEEE (ER)

~405-

SOPL-l

3
\7%) <&

@



Gene expression in | cell in CCK
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Gene expression of nutrient-sensing molecules
in | cells of CCK reporter male mice
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Abstract

Cholecystokinin (CCK) is secreted from enteroendocrine | cells in response to fat,
carbohydrate, and protein ingestion. Gene expression of nutrient-sensing molecules in |
cells remains unclear, primarily due to the difficulty in distinguishing I cells from intestinal
epithelial cells in vivo. In this study, we generated CCK reporter male mice in which the
red fluorescence protein tdTomato (Tomato) is produced by activation of the native
murine Cck promoter. Fluorescence microscopy revealed the presence of Tomato-positive

Key Words
cholecystokinin

I cell

free fatty acid receptor
glucose transporter

vV v v vy

peptide receptor

cells in upper small intestine (SI), lower SI, and colon. Flow cytometer analysis revealed
that Tomato-positive cells among epithelial cells of upper SI, lower SI, and colon occurred
at the rate of 0.95, 0.54, and 0.06%, respectively. In upper Sl and lower SI, expression
levels of Cck mRNA were higher in Tomato-positive cells than those in Tomato-negative
cells. The fatty acid receptors Gpr120, Gpr40, and Gpr43 and the oleoylethanolamide
receptor Gpr119 were highly expressed in Tomato-positive cells isolated from SI, but were
not found in Tomato-positive cells from colon. The glucose and fructose transporters
Sglt1, Glut2, and Glut5 were expressed in both Tomato-positive cells and -negative cells,
but these expression levels tended to be decreased in Tomato-positive cells from upper
Sl to colon. The peptide transporter Pept? and receptor Gpr93 were expressed in both
Tomato-positive cells and -negative cells, whereas Casr was expressed only in Tomato-

positive cells isolated from Sl. Thus, this transgenic mouse reveals that I cell number and
gene expression in | cells vary according to region in the gastrointestinal tract.

Journal of Molecular
Endocrinology
(2021) 66, 11-22

Introduction

Gut hormones are released from enteroendocrine cells in
response to nutrients, and play an important role in food
intake, nutrient absorption, energy accumulation and
glucose homeostasis. For example, ghrelin secreted from
X/A-like cells expressed in the stomach increases food
intake and body weight (Nakazato et al. 2001); peptide
YY (PYY) and the incretin glucagon-like peptide-1 (GLP-1)
released from enteroendocrine L cells inhibit food intake
and reduce body weight (Davis et al. 1998, Batterham

etal. 2002). In addition, glucose-dependent insulinotropic
polypeptide/gastric inhibitory polypeptide (GIP) is an
incretin secreted from enteroendocrine K cells, and plays
an important role in obesity and insulin resistance under
high-fat diet (HFD)-fed condition (Harada et al. 2008,
Nasteska et al. 2014, Joo et al. 2017, Shimazu-Kuwahara
etal. 2017).

Cholecystokinin (CCK) is a gut hormone secreted
from enteroendocrine I cells in small intestine and colon

https://jme.bioscientifica.com
https://doi.org/10.1530/JME-20-0134
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(Fakhryetal. 2017), and activates the nucleus of the solitary
tract through the vagus nerve system to suppress appetite
and food intake (Whited et al. 2006). CCK-producing
cells are expressed in the CNS, and directly inhibit food
intake (D’Agostino et al. 2016). The OLETF rat, which has
a deletion in the CCK1 receptor gene, shows hyperphagia
and obesity (Otsuki et al. 1995, Tachibana et al. 1996).
On the other hand, CCK induces secretion of bile and
pancreatic lipase, which are involved in fat digestion and
absorption (Rehfeld 2004). HFD-fed Cck-knockout mice
demonstrate that inhibition of CCK signaling alleviates
body weight gain and insulin resistance under HFD-fed
condition (Lo et al. 2011). We previously reported that
CCK has an important role in oil-induced secretion of
GIP, which is involved in body weight gain and insulin
resistance (Sankoda et al. 2017). This finding shows that
CCK is involved in obesity and insulin resistance under
HFD-fed condition. Thus, regulation of CCK signaling or
CCK secretion is a potential therapeutic target for obesity
and insulin resistance.

CCK is secreted from I cells by nutrient ingestion;
fat and protein strongly stimulate CCK secretion in
comparison with glucose (Green et al. 1989, Pilichiewicz
et al. 2007, Hutchison et al. 2015). Some nutrient-sensing
molecules have been identified. Glucose transporters such
as sodium-glucose cotransporter 1 (SGLT1) and glucose
transporter 2 (GLUT2) are associated with GLP-1 and GIP
secretion after glucose loading (Gorboulev ef al. 2012,
Mace et al. 2012). Furthermore, free fatty acid receptors
(FFARs) and fatty acid transporters (FATPs) play an
important role in free fatty acid sensing in gut hormone-
producing cells (Poreba et al. 2012, Lu et al. 2018). Some
amino acid transporters and receptors are involved in
GLP-1 secretion (Diakogiannaki et al. 2013). In contrast,
it remains unclear whether these molecules are expressed
in I cells, primarily due to the difficulty in isolating them
from intestinal epithelial cells. In this study, we generated
CCK reporter male mice in which the red fluorescence
protein (RFP) variant tdTomato (Tomato) as well as
CCK is produced by activation of the native murine Cck
promoter, and evaluated gene expression of the molecules
associated with nutrient sensing in I cells expressed in the
gastrointestinal (GI) tract.

Materials and methods
Animals

CCK-internal ribosome entry site (IRES)-Cre knock-in
(CCK-Cre) mice and Ail4 mice were previously generated

(JAX stock #012706, #007908) (Jackson Laboratory)
(Madisen et al. 2010, Taniguchi et al. 2011). CCK-Cre
and Ail4 heterozygous (CCK-Tomato) mice, which
enabled visualization of I cells by Tomato fluorescence,
were generated by crossbreeding CCK-Cre homozygous
mice and Ail4 homozygous mice. Ail4 heterozygous
mice were used as control. Male mice at 8-13 weeks
of age were used in flow cytometer analysis and
immunohistochemical analysis. We performed two
cohorts to evaluate the phenotype of CCK-Tomato mice.
In one cohort, 8-week-old male mice were weighed
weekly for 20 weeks. Non-fasting blood samples were
collected from the portal vein of mice at 10 weeks of
age, and plasma CCK concentrations were measured
by CCK fluorescent enzyme immunoassay (EIA) Kkit
(FEK-069-04) (Phoenix PharmaceuticalsInc., Burlingame,
CA, US). In the other cohort, male mice at 19 weeks of
age were used. Oral glucose tolerance tests (OGTTs) and
oral corn oil tolerance tests (OCTTs) were performed
after a 16-h fasting period. Mice were administrated
glucose of 6 g/kg body weight for OGTTs and corn oil
of 10 mL/kg body weight for OCTTs. Blood glucose
levels were measured at 0, 15 (for OGTTs), 30, 60, and
120 min after oral glucose or oil administration by the
glucose oxidase method (Sanwa Kagaku Kenkyusho,
Nagoya, Japan). 60 pL blood samples were collected
from peripheral blood vessels at 15 or 30 min after
oral glucose or oil administration, and plasma insulin
(Shibayagi, Shibukawa, Japan) and CCK levels (Phoenix
Pharmaceuticals Inc.) were measured by EIA Kit,
respectively. Energy expenditure and locomotor activity
were measured by ARCO 2000 (ARCO System, Chiba,
Japan) every 5 min over 24 h with free access to water
and diet (Kanemaru et al. 2020). Animal care and
procedures were approved by Kyoto University Animal
Care Committee (MedKyo15298).

Immunohistochemistry

Stomach, upper small intestine (upper SI), lower small
intestine (lower SI), and colon were collected from
CCK-Tomato mice and fixed by 4% paraformaldehyde.
The protocol of immunohistochemistry was previously
described (Ikeguchi ef al. 2018). Anti-CCK antibody
(CCK8-MO-167-2, 1:1000) (Frontier Institute Co., Ltd.,
Hokkaido, Japan), anti-RFP antibody (600-401-379,
1:1000) (Rockland Immunochemicals Inc., Limerick, PA,
US), and secondary antibodies (Abcam) were used. Images
were taken using a fluorescence microscope FSx100
(Olympus Corporation).

https://jme.bioscientifica.com
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Isolation of Tomato-positive and -negative cells by
flow cytometry

The protocol to isolate fluorescence protein-producing
cells from murine intestinal epithelium was described
previously (Suzuki et al. 2013). The small intestine was
divided in half, and the oral and rectal portions were
defined as upper SI and lower SI, respectively. The
collected intestinal epithelial cells were filtered through
a 40 pm cell strainer (Becton, Dickinson and Company,
Franklin Lakes, NJ, US), and phosphate buffered
salts (PBS) containing 4'DAPI (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan) was added. After
excluding DAPI-positive cells as dead cells or doublets,
Tomato-positive cells and -negative cells were collected
using FACSAria III cell sorter (Becton, Dickinson and
Company). The number of Tomato-positive cells was also
calculated as Tomato-positive cells/intestinal epithelial
cells (%).

Quantitative reverse-transcription polymerase
chain reaction (RT-PCR)

Total RNAs of sorted Tomato-positive and -negative
cells were extracted with a PicoPure RNA Isolation Kit
(Applied Biosystems). For cDNA synthesis of sorted 2000
Tomato-positive and -negative cells, RNA was reverse-
transcribed using SuperScript II Reverse Transcriptase and
Oligo(dT)12-18 (Invitrogen). SYBR Green PCR Master Mix
(Applied Biosystems) was prepared for the PCR run. The
mRNA expression levels were measured by quantitative
real-time PCR using the ABI PRISM 7000 Sequence
Detection System (Applied Biosystems). Ppia was used
as the internal control. Each data point was analyzed by
the comparative threshold cycle method (AACt method).
Primer pairs designed for evaluation of gene expression
are as follows: Glut2, 5’'-AATGGTCGCCTCATTCTTTG-3’
and 5’-ATCAAGAGGGCTCCAGTCAA-3’; Glut5, 5’-TCAT
CTCTGTGTGGAAGTTG-3' and 5’-AGATCTGATCGGCG
TAGTAG-3’; 5¢it1, 5'-GTGCTGGGCTGGATATTTGT-3’ and
5’-AGGCCCAAGGCTAGATTGAT-3’; Peptl, 5-ATCATTG
TGCTCATCGTGGC-3’ and 5-GTGCTTCAATCTCTGCT
GGG-3’; Gpr93, 5'-GGTGCTGATGATAATGGTGCT-3’ and
5’-GTAGCCAAAGGCCTGGTATTC-3’; Casr, 5’-GCATCA
GGTATAACTTCCGTGG-3' and S5-TTGGAGACGGTGTT
ACAGGTG-3’; Gpr41, 5’-TTCTTGCAGCCACACTGCTC-3’
and 5’-GCCCACCACATGGGACATAT-3’; Gpr43, 5’-ACAG
TGGAGGGGACCAAGAT-3’ and 5-GGGGACTCTCTAC
TCGGTGA-3’; Gpr40, 5'-TTTGCGCTGGGCTTTCC-3’ and
5’-GCTGGGAGTGAGTCGCAGTT-3’; Gpr119, 5’-AGAAAG

CGCCTATCACATCG-3’ and 5’-CAACCTGCCTTTACCAG
TTG-3’; Cd36, 5'-CGCTTTCTGCGTATCGTCTG-3’ and
5’-GATGCACGGGATCGTGTCT-3’; Fatpl, 5-TCTGTTCT
GATTCGTGTTCGG-3’' and 5’-AAGATGCACGGGATCGT
GTC-3’; Fatp2, 5’-TCCTCCAAGATGTGCGGTACT-3’ and
5’-TAGGTGAGCGTCTCGTCTCG-3’; Fatp3, 5’-ATGACA
GGGGAGCCTATTCG-3’' and 5-ATCCTTCAGCAGCTTG
TCCT-3’; Fatp4, 5’-ACTGTTCTCCAAGCTAGTGCT-3’ and
5’-GATGAAGACCCGGATGAAACG-3'; Fatp5, 5’-CTACGC
TGGCTGCATATAGATG-3' and 5’-CCACAAAGGTCTCT
GGAGGAT-3’, Secretin, 5’-AGCCCTTAGAGGACCAGC
TC-3' and 5-TGAACGATCAACAGCAGACC-3’, Glp-1,
5’-TGAAGACAAACGCCACTCAC-3’ and S’-TCATGACG
TTTGGCAATGTT-3’. Others were previously designed
(Iwasaki et al. 2015, Sankoda et al. 2017).

Statistical analysis

Results are shown as dot plot or mean = s.e.M. One or two
data points of some results that exceeded mean * 2 s.»
were excluded. Statistical significance was determined by
Student’s t-test or one way ANOVA with Tukey or Games-
Howell test. P values < 0.05 were considered statistically
significant.

Results
Phenotype of CCK-Tomato mice

IRES and Cre recombinase were inserted downstream
of the murine CCK locus in CCK-Cre mice (Taniguchi
et al. 2011). With this construction, the promoter and
coding region of both Cck genes were intact in CCK-
Tomato mice. Body weight of the CCK-Tomato mice was
similar to that of control mice during 9-29 weeks of age
(Fig. 1A). There was no significant difference in non-
fasting CCK levels between control and CCK-Tomato
mice (Control mice 194.9 £ 102.1 mg/dLvs CCK-Tomato
mice 328.1 + 248.1 mg/dL; P = 0.10). There was no
significant difference in food intake, energy expenditure
and locomotor activity between CCK-Tomato mice
and control mice (Fig. 1B and C). During OGTTs and
OCTTs, blood glucose levels were not different between
the two types of mice (Fig. 1D and E). Plasma insulin
and CCK levels after glucose or corn oil administration
were not different between the two groups. These results
indicated that the CCK-IRES-Cre allele does not affect
body weight gain, food intake, energy expenditure,
locomotor activity, and glucose tolerance under 11%
fat-containing diet-fed condition.
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Figure 1

Phenotype of CCK-Tomato mice. (A) Body weight, (B) food consumption, (C) energy expenditure, and locomotor activity (n = 5-6). Blood glucose levels and
plasma insulin and CCK levels during (D) OGTTs and (E) OCTTs (n = 6). Control mice (white circles) and CCK-Tomato mice (black circles). #P < 0.05,

#pP < 0.01 vs plasma glucose levels at 0 min, n.s., not significant.

https://jme.bioscientifica.com © 2021 Society for Endocrinology
https://doi.org/10.1530/JME-20-0134 Published by Bioscientifica Ltd.
Printed in Great Britain

~409-



Gene expression in | cell in CCK
reporter mice

Journal of Molecular| Tkatoetal
Endocrinology

Number of | cells in CCK-Tomato mice

Under fluorescence microscopy, Tomato-positive cells
were detected in upper SI, lower SI, and colon of CCK-
Tomato mice, but not in stomach (data not shown).
Immunohistochemical analysis showed that Tomato-
expressing cells were identical to CCK-expressing cells
in upper SI, lower SI, and colon of CCK-Tomato mice
(Fig. 2A).

We then evaluated the number of Tomato-expressing
cells in small intestine and colon by histological analysis.
The length of villus and the number of Tomato-expressing
cells in small intestine were greater than those in colon
(Fig. 2B and C). The ratio of Tomato-expressing cell
number/length of villus was significantly higher in
upper SI and lower SI than that in colon (Fig. 2D). In
addition, the number of Tomato-positive cells was
calculated by flow cytometry system (Fig. 2E). Tomato-
positive cells/epithelial cells in upper SI, lower SI, and
colon was 0.95 + 0.30, 0.54 + 0.14, and 0.06 + 0.01%),
respectively. Tomato-positive cell number was greater in
upper SI and lower SI than that in colon, but the number
significantly differed only between lower SI and colon.
After purification of each 2000 Tomato-positive and
-negative cells, gene expression of Cck mRNA in the cells
was evaluated (Fig. 2F). In upper SI, lower SI and colon,
Cck mRNA expression was detected in Tomato-positive
cells but not in Tomato-negative cells. In upper SI and
lower SI, expression levels of Cck mRNA were higher in
Tomato-positive cells than those in Tomato-negative cells.
On the other hand, there was no significant difference in
Cck mRNA expression levels between Tomato-positive
and -negative cells in colon. Cck mRNA expression levels
in Tomato-positive cells of upper SI and lower SI were
significantly higher than those of colon.

Gene expression of molecules involved in fatty acid
sensing in | cells

We then evaluated gene expression of G protein-coupled
receptors (GPRs) and transporters for free fatty acid.
In upper SI and lower SI, expression levels of the long-
chain fatty acid (LCFA) receptors Ffar4 (Gpr120) (Fig. 3A)
and Ffarl (Gpr40) (Fig. 3B) and the oleoylethanolamide
(OEA) receptor Gpr119 (Fig. 3C) mRNA were significantly
higher in Tomato-positive cells than those in Tomato-
negative cells. The expression levels did not differ
between Tomato-positive and -negative cells in colon. In
upper and lower SI, expression levels of the short-chain

fatty acid (SCFA) receptor Ffar2 (Gpr43) mRNA (Fig.
3D) were high in Tomato-positive cells compared to
those in Tomato-negative cells, but expression levels
of Ffar3 (Gpr41) mRNA (Fig. 3E) did not differ between
Tomato-positive and -negative cells. Bile acid receptor
transmembrane GPR 5 (Tgr5) mRNA was highly expressed
in Tomato-positive cells compared to that in Tomato-
negative cells in lower SI (Fig. 3F). Gene expression of
the fatty acid transport protein (FATP) 1-5 and cluster
of differentiation 36 (CD36) was also evaluated. Fatp4
and Cd36 mRNA expressions were detected in Tomato-
positive cells, but the expression levels did not differ
between Tomato-positive cells and -negative cells (data
not shown). Fatpl, Fatp2, Fatp3, and Fatp5 expressions
were not detected in Tomato-positive or -negative cells
(data not shown).

Gene expression of molecules involved in glucose,
fructose, and amino acid sensing in I cells

In upper SI, expression levels of glucose transporters Sglt1
(Fig. 4A) and Glut2 (Fig. 4B) and fructose transporter Glut5
(Fig. 4C) mRNA tended to be higher in Tomato-positive
cells than those in Tomato-negative cells, but there was
not a significant difference between the two groups.
Expression levels of Sglt1, Glut2, and Glut5 mRNA tended
to be higher in upper SI than those in lower SI. In colon,
these expressions were not detected in Tomato-positive
cells.

Gene expression levels of peptide transporter 1
(Peptl) (Fig. 4D) and Gpr93 (Fig. 4E), which are protein
metabolite-sensing molecules, did not differ between
Tomato-positive and -negative cells in upper and lower
SI. In colon, Gpr93 mRNA was not detected in Tomato-
positive or -negative cells, whereas Pept] mRNA was
highly expressed in Tomato-negative cells compared
to that in Tomato-positive cells. mRNA of the calcium-
sensing receptor (Casr), which is reported to be involved
in amino acid-induced gut hormone secretion (Mace ef al.
2012), was highly expressed in Tomato-positive cells of
upper SI (Fig. 4F). On the other hand, Casr mRNA was not
detected in Tomato-negative cells.

Gene expression of gut hormones in | cells

Some gut hormones are reported to be co-expressed in
enteroendocrine cells (Egerod et al 2012, Habib et al 2012).
In addition, nutrient-sensing molecules are reported
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Figure 2

Localization of | cells in the Gl tract of CCK-Tomato mice. (A) Immunohistochemical images of the upper SI, lower Sl, and colon in CCK-Tomato mice.
Red: Tomato-expressing cells, Green: CCK-expressing cells, Yellow: merged image. (B) Length of villus and (C) number of Tomato-expressing cells in 50
villi and crypts were measured by immunohistochemistry (n = 6). (D) Tomato-expressing cells were quantified as the number of Tomato-expressing
cells/length of mucous membrane (n = 6). (E) The levels of red fluorescence in isolated epithelial cells were evaluated and Tomato-positive cells were
counted from the data of flow cytometry analysis (n = 6). (F) Expression of Cck mRNA in | cells (n = 6-7). #P < 0.05 and ##P < 0.01 vs Tomato negative
cells, *P < 0.05, n.s., not significant.
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Figure 3

Expressions of FFARs and TGR5 mRNA and in | cells. Data are shown as relative expression to that of Ppia expression in parallel in the same samples
(A: Gpr120, B: Gpr40, C: Gpr119, D: Gpr43, E: Gpr41, F: Tgr5) (n = 6-8). #P < 0.05 and ##P < 0.01 vs Tomato-negative cells, *P < 0.05 and **P < 0.01, n.s., not

significant.

to be expressed in glucose-dependent insulinotropic
polypeptide/gastric  inhibitory  polypeptide  (GIP)-
producing K cells and glucagon-like peptide-1 (GLP-1)-
producing L cells and to be involved in nutrient-induced
GIP and GLP-1 secretion (Reimann et al. 2012, Twasaki
et al. 2015). We therefore evaluated mRNA expression of
other gut hormones in Tomato-positive cells and -negative
cells. Secretin and Gip were found to be highly expressed
in Tomato-positive cells of upper SI and lower SI (Fig. SA
and B). On the other hand, Glp-1 was expressed in I cells
of upper SI and colon (Fig. 5C). These three gut hormones
were not expressed in Tomato-negative cells of SI and
colon. These results indicate that some gut hormone-
producing cells overlap with I cells.

Discussion

In previous studies, characterization of I cells was done
using purified cells from the intestine of transgenic (CCK-
GFP Tg) mice expressing green fluorescence protein (GFP)
under control of a Cck promoter derived from a BAC clone
(Liou ef al. 2011a). Although expression of some molecules
associated with nutrient sensing in I cells has been reported,
these analyses focused on I cells expressed in small intestine.
We have established CCK-Tomato mice in which Tomato
is expressed under endogenous and native Cck promoter;
the present study is the first to report I cell number and the
expression of CCK and various molecules associated with
nutrient sensing in I cells of each part of the GI tract.
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Figure 4

reporter mice

Expressions of glucose transporters, amino acid transporter, and amino acid receptors mRNA in | cells. Data are shown as relative expression to that of
PPIA expression in parallel in the same samples (A: Sglt1, B: Glut2, C: Glut5, D: Pept1, E: Gpr93, F: Casr) (n = 6-8). #P < 0.05 and ##P < 0.01 vs Tomato-

negative cells, *P < 0.05 and **P < 0.01, n.s., not significant.

I cells in the GI tract have previously been evaluated
by immunohistochemistry with anti-CCK antibodies. I
cells are distributed throughout the small intestine and
large intestine, but the number of I cells in the small
intestine is greater (Fakhry et al. 2017). Our findings
regarding I cell number in the GI tract of CCK-Tomato
mice by immunohistochemistry with anti-RFP antibodies
are consistent with previous studies. However, CCK-
Tomato mice enabled evaluation of not only I cell number
in the GI tract, but also Cck gene expression in isolated
I cells. Using the flow cytometry system, I cells among
epithelial cells of upper SI, lower SI, and colon were
found to occur at the rate of 0.95 £+ 0.30, 0.54 + 0.14,
and 0.06 £ 0.01%, respectively. A majority of the I cells
were detected in upper SI, and their frequency decreased

toward the distal part of the GI tract. The expression levels
of Cck mRNA in isolated I cells from upper SI were highest
in the GI tract, and decreased toward the distal part of
the GI tract. These results indicate that I cells in upper SI
are the main contributor to CCK secretion in response to
various nutrients.

Fat ingestion strongly stimulates CCK secretion
(Green et al. 1989). GPR40, GPR120, and GPR119 are
receptors activated by the nutrients LCFAs and OEA.
These receptors are reported to be expressed in incretin-
producing cells and to be involved in incretin secretion
(Iwasaki et al. 2015, Sankoda et al. 2019). Bile, which is
composed of bile acids, is important for fat digestion and
absorption, and is reported to induce CCK secretion in
the fasting state (Meyer-Gerspach et al. 2013). TGRS, a
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Figure 5

Expressions of gut hormones mRNA in | cells. Expression levels of (A) Secretin mRNA, (B) Gip mRNA, and (C) G/p-7T mRNA in Tomato-positive and -negative
cells. Data are shown as relative expression to that of PPIA expression in parallel in the same samples (n = 6-8). #P < 0.05 and ##P < 0.01 vs Tomato-

negative cells, *P < 0.05 and **P < 0.01, n.s., not significant.

bile acid receptor, is expressed in L cells and is involved
in GLP-1 secretion (Brighton et al. 2015). Previous studies
using the mouse intestinal cell line STC-1 and GPR40- or
GPR120-knockout mice showed that GPR40 and GPR120
are involved in CCK secretion in response to LCFAs and
fat (Tanaka et al. 2008, Sankoda et al. 2017). On the other
hand, it remains unclear whether GPR119 and TGRS are
involved in CCK secretion, although these receptors are
expressed in I cells of the small intestine of CCK-GFP Tg
mice (Sykaras et al. 2012). In our study, Gpr40, Gpr120,
and Gpr119 were found to be expressed mainly in Tomato-
positive cells of upper and lower SI and were not detected
in the cells of colon. Tgr5 was highly expressed in Tomato-
positive cells of lower SI. These results indicate that these
receptors may well be involved in CCK secretion upon fat
ingestion. Indeed, some LCFA transporters are expressed
in various tissues including intestine. We evaluated gene
expression of Fatp1-5 and Cd36 mRNA in Tomato-positive
cells and -negative cells, and found that Fafp4 and Cd36
are expressed in Tomato-positive cells as well as -negative
cells. Our data are consistent with the previous report
showing that FATP4 and CD36 are involved in GLP-1 and
CCK secretion, respectively (Poreba et al. 2012, Sundaresan
et al. 2013), and go further to suggest their role in CCK
secretion upon fat ingestion.

Glucose and fructose are known to induce CCK
secretion (Kuhre et al. 2014); the glucose transporters
SGLT1 and GLUT2 and fructose transporter GLUTS are
expressed in enteroendocrine cells and are involved in
glucose and fructose-induced gut hormone secretion,

respectively (Reimann ef al. 2008, Parker et al. 2009,
Gorboulev et al. 2012, Mace et al. 2012). The previous
study using small intestine of CCK-GFP Tg mice revealed
that SGLT1 is expressed in I cells as well as other intestinal
epithelial cells (Kaelberer et al. 2018), but the expression
of GLUT2 and GLUTS in I cells was not examined. In the
present study, Sglt1, Glut2, and Glut5 were found to be
expressed in both Tomato-positive cells and -negative
cells in upper SI, lower SI, and colon, and the expression
levels tended to be higher in upper SI than those in lower
SI and colon. These results revealed that the expression
patterns in Tomato-positive and -negative cells in SI and
colon are similar among the three transporters.

Peptide transporter PEPT1, peptone receptor
GPR93, and amino acid-sensing receptor CASR have
been identified as protein metabolite-sensing molecules
associated with gut hormone secretion (Feng ef al. 2010,
Mace et al. 2012, Diakogiannaki et al. 2013). In vitro and
in vivo studies have shown that GPR93 and CASR are
involved in amino acid-induced CCK secretion from I
cells (Choi et al. 2007, Liou et al. 2011b); PEPT1, GPR93,
and CASR have been reported to be expressed in I cells of
small intestine of CCK-GFP Tg mice (Liou et al. 2011b).
In the present study, these molecules were found to
be expressed in Tomato-positive cells of upper and
lower SI; Peptl and Gpr93 were found to be expressed
in both Tomato-positive and -negative cells. On the
other hand, Casr was expressed in Tomato-positive cells
but not in Tomato-negative cells, indicating that Casr
is specifically expressed in I cells. In colon, expression
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levels of Pept] mRNA were significantly higher in
Tomato-negative cells than those in Tomato-positive
cells. As PEPT1 is reported to play an important role
in the regulation of water absorption into intestinal
epithelium (Wuensch et al. 2013), the molecule might be
highly expressed in intestinal epithelial cells detected as
Tomato-negative cells.

CCK plays a key physiological role in fat absorption
and regulation of energy intake. Thus, regulation of
nutrient-sensing molecule-mediated CCK secretion
might represent possible novel therapeutic approaches
to obesity and type 2 diabetes. Analysis using CCK-
Tomato mice revealed that I cells are broadly distributed
throughout the GI tract, and that the various molecules
involved in nutrient sensing are abundantly expressed
in I cells.
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