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Diabetic kidney disease (DKD) is a major complication for diabetic patients. Adiponectin is an insulin
sensitizer and anti-inflammatory adipokine and is mainly secreted by adipocytes. Two types of
adiponectin receptors, AdipoR1 and AdipoR2, have been identified. In both type 1 and type 2
diabetes (T2D) patients with DKD, elevated adiponectin serum levels have been observed, and
adiponectin serum level is a prognostic factor of end-stage renal disease. Renal insufficiency and
tubular injury possibly play a contributory role in increases in serum and urinary adiponectin levels in
diabetic nephropathy by either increasing biodegradation or elimination of adiponectin in the
kidneys, or enhancing production of adiponectin in adipose tissue. Increases in adiponectin levels
resulted in amelioration of albuminuria, glomerular hypertrophy, and reduction of inflammatory
response in kidney tissue. The renoprotection of adiponectin is associated with improvement of the
endothelial dysfunction, reduction of oxidative stress, and upregulation of endothelial nitric oxide
synthase expression through activation of adenosine 5-monophosphate-activated protein kinase
by AdipoR1 and activation of peroxisome proliferator-activated receptor (PPAR)-a signaling
pathway by AdipoR2. Several single nucleotide polymorphisms in the AdipoQ gene, including the
promoter, are associated with increased risk of the development of T2D and DKD. Renin-angiotensin-
aldosterone system blockers, adiponectin receptor agonists, and PPAR agonists (e.qg., tesaglitazar,
thiazolidinediones, fenofibrate), which increase plasma adiponectin levels and adiponectin re-
ceptors expression, may be potential therapeutic drugs for the treatment of DKD. (Endocrinology
158: 2022-2034, 2017)

iabetic kidney disease (DKD), including diabetic
Dnephropathy (DN), is a major long-term complica-
tion for diabetic patients and is also the primary cause of
end-stage renal disease (1, 2). DKD has been defined as
diabetes with the presence of microalbuminuria (=30 mg/g
in ratio of urine albumin to creatinine) and/or impaired
glomerular filtration rate (GFR) (GFR <60 mL/min/1.73 m?)
(3, 4). Etiologies of podocyte dysfunction, mesangial cell
abnormality, thickened glomerular basement membrane,
renal tubular injury, and vascular damage have attracted
substantial attention in DKD studies (5-7). However, the
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specific pathophysiology of DKD is complicated (2), and
new pathologic mechanisms for DKDs are continuing to be
identified. Many studies have found that a large number of
factors contribute to the development of DKD, including
the renin-angiotensin-aldosterone system (RAAS), reactive
oxygen species, inflammatory cytokines, and advanced
glycation end products (8-12).

Adiponectin, secreted by adipose tissue, serves as an
insulin-sensitizing, anti-inflammatory, vasculoprotective
cytokine (13). The dysfunction regulation of adiponectin
and its receptors has been observed in the development of
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Abbreviations: ACC, acetyl coenzyme A carboxylase; AdipoR1, adiponectin receptor
1; AdipoR2, adiponectin receptor 2; AdipoQ, adiponectin; AMPK, adenosine 5’-
monophosphate-activated protein kinase; CAMP, cyclic adenosine monophosphate; CKD,
chronic kidney disease; db/db, non-insulin-dependent diabetic; DKD, diabetic kidney disease;
DN, diabetic nephropathy; eGFR, estimated glomerular filtration rate; Epac, exchange protein
activated by cydlic adenosine monophosphate; FOXO1, forkhead box O1; GFR, glomerular
filtration rate; IGF-1, insulinlike growth factor-1; LKB1, liver kinase B1; MKR, muscle insulinlike
growth factor-1 receptor-lysine-arginine; NADPH, reduced form of NAD phosphate; POD-
ATTAC, podocyte-apoptosis through targeted activation of caspase-8; PPAR, peroxisome
proliferator-activated receptor; RAAS, renin-angiotensin-aldosterone system; SNP, single
nucleotide polymorphism; T1D, type 1 diabetes; T2D, type 2 diabetes; TZD, thiazolidinedione.
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various diseases, including obesity, insulin resistance,
chronic kidney disease (CKD), and type 1 (T1D) and type
2 diabetes (T2D) (14-16). The adiponectin gene is
expressed exclusively in both white and brown adipose
tissue. The protein exists in a wide range of multimeric
complexes in plasma (17). Adiponectin combines via its
collagen domain to create three major oligomeric forms:
a low-molecular-weight trimer, a mid-molecular-weight
hexamer, and a high-molecular-weight 12- to 18-mer
adiponectin (17).

Two types of adiponectin receptors have been identified:
AdipoR1 and AdipoR2. Both receptors contain seven
transmembrane domains (18). AdipoR1 and AdipoR2
serve as the major receptors for adiponectin in vivo, with
AdipoR1 activating the adenosine 5’-monophosphate—
activated protein kinase (AMPK) pathways and AdipoR2
activating the peroxisome proliferator-activated receptor
(PPAR)-a pathways (19). The adiponectin receptor Adi-
poR1 can be expressed by four cell types which constitute
the glomerulus, namely endothelial cells, podocytes,
mesangial cells, and Bowman capsule epithelial cells. It is
also present in proximal tubular cells in kidneys. The
location of the receptor suggests that both adiponectin
and its receptors may influence renal physiology and
pathologic change relating to obesity and diabetes (20).

Plasma adiponectin levels have been reported to be
reduced in obese humans, particularly those with visceral
obesity, and to correlate inversely with insulin resistance.
Prospective and longitudinal studies have shown that
lower adiponectin levels are associated with a higher
incidence of diabetes and correlate with insulin resistance
and the development of T2D (17). Obesity decreases not
only plasma adiponectin levels but also AdipoR1/R2
expression, thereby reducing adiponectin signaling and
leading to insulin resistance (17). Previous studies
reported a direct correlation between low serum adipo-
nectin levels and increased urinary albumin excretion in
diabetic patients (21).

However, compared with nondiabetics, adults with
T1D had significantly higher adiponectin, and the dif-
ference remained substantial after adjusting for albumin
excretion rate and/or estimated GFR (eGFR). Adipo-
nectin at baseline in T1D patients was positively asso-
ciated with rapid GFR decline, incidence of CKD, and
persistent macroalbuminuria over 6 years in adjusted
models (22). In T1D patients with DN, elevated adipo-
nectin was found to be an independent predictor of the
progression to end-stage renal disease (15).

Therefore, the essential questions to be answered are
as follows: (1) what is the role of adiponectin in patho-
logic change in diabetic patients with DKD? and (2) how
do adiponectin and its receptors affect the renal functions in
diabetic patients with DKD? In this review, we focus on
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recent advances in understanding the roles and molecular
mechanisms of adiponectin and its receptors in the de-
velopment of DKD. Their clinical value as therapeutic
targets for DKD is also evaluated.

Expression of Adiponectin and Its
Receptors in DKD

Adiponectin expression in DKD

The serum levels of adiponectin vary in different
diseases (Table 1) (15, 16, 23-39). Adverse metabolic
states, such as metabolic syndrome, lipodystrophy, ath-
erosclerotic cardiovascular disease, and obesity, have low
serum adiponectin levels (23-26). Circulating adipo-
nectin levels are also low in patients with insulin resistant
and T2D (27). However, the serum adiponectin level is
increased in patients with T1D, and the serum adipo-
nectin level is elevated in both T1D and T2D patients with
DN (15, 16, 29, 30). Serum adiponectin is significantly
elevated in different stages of DN, particularly during
macroalbuminuria stages IV and V (15, 16, 20, 30). The
elevation of total plasma adiponectin in T1D and DN
could be mainly attributed to the increase of high-
molecular-weight adiponectin (40, 41); high-molecular-
weight adiponectin levels are positively correlated with
insulin sensitivity in T1D and severity of DN (41, 42).
Serum and urinary adiponectin levels are also increased in
T2D patients with overt nephropathy, characterized by
microvascular damage (43). In fact, the serum level of
both total adiponectin and high-molecular-weight adi-
ponectin were independent risk factors for nephropathy
stage in T2D patients. This correlation remained sub-
stantial when serum creatinine (or eGFR) was added as
an independent variable (42). Another study also dem-
onstrated that high circulating levels of adiponectin might
predict an increase in mortality in CKD patients whose
adiponectin levels may be three times higher than that of
healthy subjects (21).

Adiponectin levels appear to closely associate with
renal function. Serum adiponectin levels are inversely
associated with eGFR in T1D patients (22, 44). A strong
association between increased adiponectin levels and low
eGFR was also observed among T2D patients with mi-
cro-/macro-albuminuria, as compared with those with
normoalbuminuria. Hence, the inverse association be-
tween adiponectin and renal functions in different clinical
sets is also observed in diabetic patients (44).

The association of adiponectin with different diseases
suggests that its expression and levels may be regulated by
different pathologic conditions. Among many factors
identified that regulate adiponectin (AdipoQ) gene tran-
scription, PPAR-y, CCAAT-enhancer binding protein «,
sterol regulatory element binding protein-1 ¢, forkhead box
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Table 1. Expression of Adiponectin and AdipoR1/2 in Patients or Animal Models With Different Diseases

Location Diseases Expression Reference
Adiponectin Serum/plasma Lipodystrophy patients l Haque et al. (23)
ASCVD patients l Iwashima et al. (24)
Metabolic syndrome l Ntzouvani et al. (25)
Obese mice l Ohashi et al. (26)
T2D patients l Lindberg et al. (27)
T2D patients with CAD 1 Hotta et al. (28)
T1D patients 1 Jorsal et al. (15)
T1D patients with DN 1 Saraheimo et al. (16)
T1D mice 1 Combs et al. (29)
T2D patients with DN NS Tavridou et al. (30)
AdipoR1 Skeletal muscle STZ-induced T1D mice 1 Inukai et al. (31)
T2D mice l Bonnard et al. (32)
Heart T1D mice " Ma et al. (33)
T2D rats l Guo et al. (34)
Renal tissues T1D rats l Guo et al. (35)
T2D mice l Tamura et al. (36)
Diabetic rat with DN l Jietal (37)
T2D mice with DN l Park et al. (38)
AdipoR2 Skeletal muscle T2D patients l Jang et al. (39)

Liver STZ-induced T1D mice No change Inukai et al. (31)
Renal tissues T1D rats No change Guo et al. (35)
T2D mice with DN NS Tamura et al. (36)
T2D mice with DN l Park et al. (38)

Abbreviations: ASCVD, atherosclerotic cardiovascular disease; CAD, coronary artery disease; NS, no significant association with diabetes; STZ,

streptozotocin; 1, increased; |, decreased; |1, dynamic change (i.e., levels increased and decreased at different times).

O1 (FOXO1), and specificity protein 1 are prominent.
Their specific response elements and binding consensus
sequences have been identified in the AdipoQ gene (45)
(Fig. 1). It is intriguing that insulin suppresses the activity of
FOXO1, which may negatively regulate the expression of
adiponectin (45).

Adiponectin may have a protective effect on renal
functions by reducing albuminuria (20). Both adipo-
nectin levels and albuminuria are associated with kidney
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Promoter region

dysfunction. Increased albuminuria is associated with
obesity and diabetes and is a risk factor for renal disease
(46). Adiponectin may attenuate the adverse effects of
partial nephrectomy on renal structure and function by
reducing the albuminuria associated with this procedure
(20). Albuminuria had a negative correlation with plasma
adiponectin in obese patients, and adiponectin gene
knock-out Ad(™'") mice exhibited increased albuminuria
(46). Adiponectin may reduce albuminuria through the
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Figure 1. Structure of adiponectin gene and genetic association between adiponectin and T2D. The promoter region of AdipoQ gene includes
one putative PPAR response element (PPRE), one liver receptor homolog 1-response element (LRH-RE), two serum response elements (SREs)
several C/EBP elements, and a number of E boxes. PPAR-y, C/EBP«a, and sterol regulatory element binding protein-1 ¢ (SREBP-1¢), respectively,
recognize and bind to PPRE site, CCAAT box motif (C/EBP response element), and SRE DNA sequence, TCACNCCAC, which stimulate
adiponectin gene expression. FOXO1 results in adiponectin promoter activation mainly through binding to C/EBP«a and forming a complex. SNPs
+45G15G(T/G) in exon 3, SNPs+276G/T in intron 3, SNPs-11426A/G, SNPs-11377C/G, and SNPs-11391G/A in the promoter region, and H111Y

in exon 3 are associated with T2D.
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AdipoR1 pathway by stimulating AMPK and inhibiting
reactive oxygen species (47). Adiponectin gene knock-out
Ad(™'7) mice also exhibited increased fusion of podocyte
foot processes (46). In cultured podocytes, adiponectin
administration was associated with increased activity of
AMPK, and both adiponectin and AMPK activation
reduced podocyte permeability to albumin and podocyte
dysfunction (46). These effects may act by reducing
oxidative stress because adiponectin and AMPK activa-
tion both reduced protein levels of the reduced form of
NAD phosphate (NADPH) oxidase Nox4 in podocytes
(46). In a podocyte ablation animal model, podocyte-
apoptosis through targeted activation of caspase-8 (POD-
ATTAC) mice exhibited substantial kidney damage, such
as foot process effacement, mesangial expansion, and
glomerulosclerosis. The POD-ATTAC mice were sub-
sequently crossed with mice lacking or overexpressing
adiponectin. POD-ATTAC mice lacking adiponectin
developed irreversible albuminuria and renal failure.
Conversely, POD-ATTAC mice overexpressing adipo-
nectin recovered more rapidly and exhibited less in-
terstitial fibrosis (48), suggesting that adiponectin also
protects other renal tissue and functions. The renopro-
tective role of adiponectin was further confirmed by the
patients receiving renal transplantation. Patients with
lower pretransplant adiponectin concentrations was a
strong risk factor of developing new-onset diabetes
mellitus after transplantation (49).

If it is true that adiponectin has a protective role in
renal tissue and function, then the elevation of the adi-
ponectin level in diabetic patients may be the result of,
rather than the cause of, DN. The enhanced adiponectin
production might be related to renal tubular injury and
tubulointerstitial inflammation. Renal insufficiency and
tubular injury may play a contributory role in increases in
serum and urinary adiponectin levels in overt DN. The
increase in adiponectin might be a physiologic response in
overt DN that acts to mitigate renal tubular injury and to
prevent the further progression of DN through its anti-
inflammatory and antiatherogenic effects (50). Hence,
the upregulation of the adiponectin production in DKD/
DN may be a compensatory mechanism to alleviate
further renal injury (20).

How renal dysfunction results in increased adipo-
nectin levels is not well understood. Two possible
mechanisms are as follows: (1) renal insufficiency may
affect adiponectin clearance, and (2) renal insufficiency
may stimulate adiponectin production. Clearance of
adiponectin from the circulation is mainly renal de-
pendent. Thus, the kidneys may play an important role in
the biodegradation and/or elimination of adiponectin.
However, altered clearance rates are not likely to fully
account for the increase in circulating adiponectin in
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DKD. In DKD patients, enhanced production of adipo-
nectin in the adipose tissue rather than a reduced clear-
ance in kidneys may be a major mechanism that triggers
an increase in adiponectin concentrations (15, 16).

Adiponectin receptors expression in DKD

The expression of AdipoRs varies in different organs
and is affected by type of diabetes (Table 1). The ex-
pression levels of AdipoR1 in skeletal muscle are in-
creased in T1D and decreased in T2D patients. In normal
glucose-tolerant individuals with strong family history of
diabetes, a high level of AdipoR1 expression was also
observed (31, 32, 51, 52). Cardiac AdipoR1 expression is
decreased in T2D and at early T1D, but is increased in
late-stage T1D (33, 34). AdipoR2 in skeletal muscle is
decreased in T2D patients and in normal glucose-tolerant
individuals with a strong family history of diabetes (38,
52). Interestingly, hepatic AdipoR2 expression was not
significantly changed in either streptozotocin-induced
T1D mice or obese non-insulin-dependent diabetic (db/db)
mice (31).

AdipoR1 and AdipoR2 are also expressed in rat, mice,
and human renal tissues. Western blots of isolated rat
distal tubules revealed the presence of adiponectin re-
ceptor AdipoR1 and both unphosphorylated and phos-
phorylated catalytic AMPK subunits a-1 and a-2. The
glycogen-binding AMPK subunit 8-2 was also present.
AdipoR2 was not detected in distal tubules (53). Ex-
pression levels of AdipoR1, AMPK a-1, AMPK «a-2,
and AMPK -2 in distal tubules were increased in
streptozotocin-induced T1D rats, whereas phosphory-
lated active AMPK levels were strongly decreased, sug-
gesting that the function of AdipoR1 was reduced in this
tissue (53). However, the expression of AdipoR1 mes-
senger RNA was found to be decreased in renal tissues of
T1D and T2D rats and mice with DKD, suggesting that
high glucose and renal insufficiency significantly de-
creases messenger RNA and protein expression levels of
AdipoR1 (35-38) (Table 1).

The AdipoR2 expression in renal tissue of T2D pa-
tients with DKD remains controversial (Table1). Guo and
Zhao (35) found that AdipoR2 was not changed in renal
tissue (e.g., renal cortex) of T1D rats with DN compared
with non-DN rates (Table 1). Similarly, Tamura et al.
(36) found that AdipoR2 expression in renal tissue was
similar between T2D mice with DN (db/db mice) and
their lean control mice. However, a recent study found
that the expression of AdipoR2 levels in the renal cortex
was markedly decreased in T2D mice with DN (38).
Because the reduction of AdipoRs in either number or
function in DKD kidneys may result in reduced adipo-
nectin sensitivity, downregulation of AdipoR1/2 in the
kidney of DKD may affect the protective function of
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adiponectin in renal tissue and function. Further studies
are necessary to better understand how renal function
influences AdipoR1/2 activity and the adiponectin-
induced pathway.

Polymorphism of AdipoQ and
AdipoRs Gene

Adiponectin gene (apM1 gene or AdipoQ gene) and its
promoter are highly polymorphic and carry several single
nucleotide polymorphisms (SNPs) (Fig. 1). The AdipoQ
gene is a promising candidate susceptibility gene for T2D.
Among the SNPs in the AdipoQ gene, H111Y in exon 3
is a unique nonsynonymous SNP and is significantly
associated with low plasma adiponectin levels and T2D
(54). SNP +45T/G (rs2241766) in exon 3 and +276G/T
(rs1501299) in intron 3, located 45 and 276 bp down-
stream of the translational start site (Fig. 1), respectively,
are significantly associated with decreased plasma adi-
ponectin levels and an increased risk of T2D (17, 55, 56).
Given that adiponectin is a crucial protective factor
of renal tissue and functions, adiponectin gene poly-
morphism may closely associate with development of
diabetes and related kidney disease. In support of this,
SNPs +45T/G and +276G/T of AdipoQ gene confer in-
creased risk for the development of T2D, obesity, and
DKD (57). The promoter SNPs interfere with the pro-
moter activity and subsequently affect the gene expres-
sion. The SNPs —11426A/G (rs16861194), —11377C/G
(rs266729), and —11391G/A (rs17200539) in the pro-
moter region of the AdipoQ gene are also associated with
T2D and DKD (17, 58) (Fig. 1).

Hypoadiponectinemia can result from genetic factors
(e.g., promoter region of SNP in the AdipoQ gene, adi-
ponectin gene knockout mice) or obesity-related envi-
ronmental factors (e.g., carbohydrate-rich diet, sex
hormone) and is closely associated with insulin-resistant,
T2D, metabolic syndrome, and obesity in humans and
rodents (51, 58). However, not all adiponectin-deficient
mice showed insulin resistance. For example, Ohashi
et al. (26) found no substantial difference in a homeo-
stasis model in insulin resistance between adiponectin
gene knockout and wild-type mice.

The evidence for association between SNPs in Adi-
poR1/AdipoR2 genes and T2D has been inconsistent.
Hara et al. (59) and Wang et al. (60) found that none of
the SNPs in AdipoR1 or AdipoR2 were significantly
associated with T2D. Namvaran et al. (61) also found
that the SNP 795G/A (rs16928751) in AdipoR2 was not
association with T2D. However, some studies have
reported a correlation between SNP in the AdipoR1/2
genes and insulin resistance. Stefan et al. (62) found
that the SNP —8503G/A (rs6666089) of AdipoR1
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located in the promoter region and —1927T/C (novel
SNP) in the intron 1 were related to insulin resistance and
fat liver, respectively. Damcott et al. (63) also found
that SNP —102T/G (rs2275737) and SNP +5843
A/G (rs1342387) in AdipoR1 and SNP +219 A/T
(rs11061971) and SNP +33447C/T (rs1044471) in
AdipoR2 were associated with T2D. For the link between
gene polymorphism and DKD, a strongest interaction
was found between AdipoR2 +219A/T and the patho-
genesis of nephropathy in diabetic patients (64).

Mechanism of Adiponectin and Its
Receptors in Renoprotection

Several model organism experiments have demonstrated
the renoprotective functions of adiponectin and its
receptors. AdipoQ '~ (APN~/~; APN-knockout) mice
displayed albuminuria, glomerular hypertrophy, efface-
ment of podocyte foot processes, and tubulointerstitial
fibrosis (46, 65-68). Treatment of APN-knockout mice
or diabetic adiponectin knockout mice with adiponectin
resulted in amelioration of albuminuria, glomerular hy-
pertrophy, improvement of podocyte foot process ef-
facement, and tubulointerstitial fibrosis (46, 65, 66)
(Table 2). Adiponectin also attenuated glomerulo-
sclerosis after podocyte ablation in POD-ATTAC mice,
which protects against the development of albuminuria
and promotes reconstitution of kidney function (48).
The mechanism of adiponectin-associated renopro-
tection is likely complex. Adiponectin alleviates the
clinical feature of CKD, such as foot process effacement,
kidney hypertrophy, increased albuminuria, and fibrosis,
through inhibiting the oxidative stress, mammalian target
of rapamycin signaling, and inflammatory response
(Fig. 2). Adiponectin may attenuate the adverse renal
effects of angiotensin II. Specifically, adiponectin was
found to reduce angiotensin II-induced oxidative stress
(NADPH oxidase activation), inflaimmation (nuclear
factor kB activity), and fibrosis (fibronectin expression) in
renal tubular cells (70) (Fig. 2). Adiponectin was shown
to inhibit angiotensin II-induced activation of NADPH
oxidase via the AdipoR1-mediated activation of both
AMPK- and cyclic adenosine monophosphate (cAMP)—
exchange protein directly activated by cAMP (Epac)
pathways (70). Similarly, in mesangial cells, adiponectin
reduced high-glucose-induced increase of reactive oxygen
species levels, NADPH oxidase, and nuclear factor kB
activation (65) (Fig. 2). Adiponectin also attenuated high-
glucose-induced phosphorylation of mammalian target
of rapamycin and ribosomal protein S6 kinase, and
inhibited transforming growth factor-B—induced phos-
phorylation of Smad2 and Smad3 proteins in mesangial
cells (65) (Fig. 2). The renoprotection of adiponectin is
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Table 2. Functions of Adiponectin and AdipoRs Studied in Diabetic Animal Models
Change in Levels Models Biologic Activities Reference
Adiponectin  Deficiency Adiponectin-deficient Insulin resistance with glucose Yamauchi et al. (19)
AdipoQ (7'7) mice intolerance
Akita mice (diabetic mice); Exaggerated inflammatory response; Fang et al. (65)
Akita/APN(™') mice renal hypertrophy and fibrosis
(AdipoQ gene knockout)
AdipoQ gene knockout Increased albuminuria and fusion Sharma et al. (46)
(77) mice of podocyte foot processes;
reduced oxidative stress
Subtotal (5/6) nephrectomy in  Urinary albumin excretion; Ohashi et al. (66)
AdipoQ gene knockout glomerular hypertrophy;
(77) mice tubulointerstitial fibrosis
No effect on insulin resistance
Podocyte-ablation mice crossed Irreversible albuminuria Rutkowski et al. (48)
with AdipoQ gene knockout  and renal failure
(77) mice
Overexpression  Transgenic mice with Downregulation of proinflammatory Ge et al. (67)
overexpression of factors; less inflammatory phenotype
ApN (ApN-Overex)
Injected adenovirus APN Improved endothelial-dependent Lee et al. (68)
(Ad-APN) in db/db mice vasodilation; decreasing superoxide
production; inhibiting inflammation
Podocyte-ablation mice crossed Recovery from kidney damage, Rutkowski et al. (48)
with ApN-Overex mice foot process effacement, mesangial
expansion, and glomerulosclerosis
AdipoRs Deficiency AdipoR1/2 double knockout Increased tissue triglyceride content; Yamauchi et al. (19)
mice in Lepr™'" mice increased inflammation and
oxidative stress; insulin resistance
and marked glucose intolerance
Functional db/db mice stimulated Ameliorated reduction of insulin Okada-lwabu et al. (69)
activated by AdipoR agonist sensitivity and glucose tolerance;

decreased inflammation;
reduced oxidative stress

also associated with enhanced nephrin expression, im-
provement of the endothelial dysfunction, activation of
the AMPK signaling pathway, and upregulation of en-
dothelial nitric oxide synthase expression in the renal
tissue of diabetic rats (70, 71). The renoprotection of
adiponectin is independent of reducing high blood sugar
(65). These data from animal models indicate that adi-
ponectin has beneficial effects on preventing the pro-
gression of CKD, including DN.

Loss of AdipoR1/2 activity resulted in similar affects
as loss of adiponectin (Table 2). AdipoR1 and AdipoR2
double knockout mice abolished adiponectin binding,
resulting in insulin resistance and impaired glucose tol-
erance, increased inflammation, and oxidative stress (19,
69). These changes result in increased gluconeogenesis
and decreased glucose uptake in key metabolic organs,
such as liver, skeletal muscle, and adipose tissue (19, 69).
The importance of the two receptors in regulating normal
glucose metabolism, insulin sensitivity, and oxidative
stress is indicated by the findings of an experiment in
which a small molecule AdipoR agonist (AdipoRon) was
administered to obese db/db mice (T2D model). Addition
of the agonist stimulated AdipoR, resulted in ameliora-
tion of insulin sensitivity and glucose tolerance reduction,

suppression of inflammation and oxidative stress, and
improvement in the survival rate of obese diabetic
mice (72).

The effects of the agonist are dependent on activation
of AMPK by AdipoR1 (69, 72) (Fig. 3). Both the liver
kinase B1 (LKB1)/AMPK signaling and Ca**/CaMKK-g
are necessary for adiponectin-induced full activation of
AMPK (73-76). Adiponectin also promotes activation of
PPAR-a via AdipoR2, leading to increased insulin sen-
sitivity (72) (Fig. 3). Therefore, adiponectin activates
AMPK and PPAR-a, via the AdipoR1/2 receptors, to
regulate glucose and lipid metabolism, fatty acid oxi-
dation, and insulin sensitivity (19, 76). Adiponectin also
suppresses inflammatory response and mitigates the
oxidative stress in popocytes via activation of AMPK
pathway (19, 76), which may protect the kidney structure
and function in patients with DN.

Adiponectin Resistance and Diabetes

Patients with insulin receptor mutations have severe in-
sulin resistance and elevated plasma adiponectin levels
(77). In animal models, adiponectin levels are also in-
creased in insulin-resistant L1 mice (i.e., insulin receptor
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Figure 2. Role of adiponectin and AdipoRs in CKD. Adiponectin was found to reduce Ang ll-induced oxidative stress (NADPH oxidase activation),
inflammation (nuclear factor B activity), and fibrosis (fibronectin expression). Adiponectin also reduced high-glucose—induced increased reactive
oxygen species (ROS) levels, NADPH oxidase, nuclear factor xB activation, mammalian target of rapamycin (mTOR) and S6K phosphorylation, and
inhibited transforming growth factor-8 (TGFB)-induced Smad2 and Smad3 phosphorylation. Adiponectin alleviates the clinical feature of CKD, such

as foot process effacement, kidney hypertrophy, albuminuria, and fibrosis.

transgenic knockout mice) (17, 78). In insulin-resistant
L1 mice, adiponectin administration is unable to lower
glucose levels or induce activation of AMPK, suggesting a
condition of adiponectin resistance (17). The author
proposed that AMPK resistance and decreases in PPAR
activation in L1 mice may be involved in adiponectin
resistance (17). Adiponectin levels were also increased in
muscle insulinlike growth factor-1 (IGF-1) receptor-
lysine-arginine (MKR) mice (mice express dominant-
negative mutant IGF-1 receptors in skeletal muscle)
(78). The phenotype of MKR mice showed diabetes with
insulin resistance. Chronic adiponectin treatment sig-
nificantly improved both insulin sensitivity and glucose
tolerance in obese db/db mice but not in MKR mice,
suggesting that MKR mice were adiponectin resistant
(79). However, the expression of adiponectin receptors
and AMPK phosphorylation appeared normal in MKR
mice, suggesting that the adiponectin resistance may lie
further downstream in the signaling pathways, such as
Akt and mitogen-activated protein kinase pathway (79).
Therefore, adiponectin resistance may occur via multiple
mechanisms (78).

The link between expression of AdipoRs and adipo-
nectin resistance may not be ruled out in patients with
diabetes and obesity (Fig. 4). It has been proposed that
obesity results in reduced expression of AdipoRs in the
skeletal muscle and adipose tissue (51, 80). For example,
in insulin resistant db/db mice, expressions of both

AdipoR1 and AdipoR2 were significantly decreased in
muscle and adipose tissue, thereby reducing adiponectin
sensitivity (i.e., adiponectin resistance) and leading to
insulin resistance, the so-called vicious cycle (51, 81)
(Fig. 4). Posttranslational modifications of AdipoR1/2
may affect receptor affinity and may also result
in adiponectin resistance (44). Given that hyper-
adiponectinemia does occur in certain diseases and dis-
orders, such as T1D, we speculate that adiponectin
resistance may also exist independently or in combination
with insulin resistance and/or leptin resistance. Recent
data suggest that adiponectin levels increase acutely
in situations of adiponectin resistance in T1D (22).

In patients with DKD, increased adiponectin pro-
duction and increased AdipoR1/2 expression can be
found, despite high levels of serum adiponectin and
adiponectin resistance status, suggesting the presence of a
positive feedback system on adiponectin levels in patients
with uremia and nephropathy (81). In muscle of humans
with end-stage renal disease, phosphorylation of AMPK
is higher than expected because of both higher circulating
adiponectin and higher AdipoR1 levels in target tissues.
Activation of AMPK pathway causes inactivation of
acetyl coenzyme A carboxylase (ACC) via phosphory-
lation. The inactivation of ACC results in decreased
production of malonyl coenzyme A, which increases the
production of carnitine palmitoyl transferase-1, a crucial
step for fatty acid oxidation. However, in the study of
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Figure 3. Adiponectin and adiponectin receptor signaling. Adiponectin can directly activate AMPK via AdipoR1. Adaptor protein,
phosphotyrosine interacting with PH domain and leucine zipper 1 (APPL1) binds to the intracellular domains of AdipoR1 or AdipoR2. On
adiponectin stimulation, APPL1 binds to protein phosphatase 2A (PP2A) and protein kinase C (PKC), thereby activating PP2A and inactivating
PKC. The inactivation of PKC results in the dephosphorylation of LKB1, allowing LKB1 to translocate from nucleus to cytoplasm and activate
AMPK. Adiponectin induces extracellular Ca®* influx necessary for activation of Ca2+/calmodulin-dependent protein kinase kinase 8 (CaMKKg)
via AdipoR1, thereby activating AMPK. Adiponectin also promotes activation of PPAR-a via AdipoR2, leading to increased insulin sensitivity.

Martinez Cantarin et al. (81), higher activity of AMPK
did not increase phosphorylation of ACC and expression
of carnitine palmitoyl transferase-1 in end-stage renal
disease tissue. A block in adiponectin receptor signaling
after phosphorylation of AMPK suggests that uremia
results in upregulation of adiponectin, AdipoR1, and
AMPK, consistent with uremia acting at the postreceptor
level to cause adiponectin resistance (81).

Clinical Values of Adiponectin and Its
Receptors for DKD

Because adiponectin and its receptors have a renopro-
tective role in DKD patients and animal models, a
therapeutic strategy for the treatment of DKD may in-
clude the upregulation of plasma adiponectin levels, the
upregulation of adiponectin receptors, or the develop-
ment of adiponectin receptor agonists. It is well-known
that blocking RAAS with angiotensin-converting-enzyme
inhibitor or angiotensin II receptor blockers improves
insulin sensitivity in T2D. The underlying mechanisms
may involve increased serum adiponectin induced by
RAAS blockades. that RAAS
blockades by either physiologic (change in sodium status)
and pharmacologic modulation of RAAS activity (an-
giotensin II infusion and enalapril treatment) increased
adiponectin production and upregulated circulating

Some studies found

adiponectin (82, 83), which might alleviate insulin re-
sistance and reduce the onset of new diabetes (84). These
findings provide theoretical basis for clinical applica-
tion of RAAS blockers as a tool to correct hypo-
adiponectinemia in T2D patients (82, 84). In addition,
increasing level of adiponectin by RAAS blockers may
improve anti-inflammatory response in the kid-
neys of DKD patients by activating the AMPK and
cyclooxygenase-2 pathways, and decreasing tumor ne-
crosis factor-a activity (73, 84). Adiponectin was shown
to inhibit angiotensin II-induced activation of NADPH
oxidase via the AdipoR1-mediated activation of both
AMPK and cAMP-Epac pathways (84).

Another potential therapeutic molecule is the adipo-
nectin receptor agonist AdipoRon. AdipoRon has been
shown to ameliorate diabetes associated with obesity,
increase exercise endurance, and prolong the shortened
life span of obese mice fed on a high-fat diet (70, 85).

The PPAR-a/-y dual agonist (tesaglitazar) has shown
promise in clinical trials and basic studies for inhibiting
T2D through increasing the plasma adiponectin levels
(86). Tesaglitazar treatment not only improved insulin
resistance, glycemic control, and lipid profile but also
markedly attenuated albuminuria and renal glomerular
fibrosis in db/db mice (87). In addition, increasing adi-
ponectin by PPAR-y agonists in DKD may be a protective
and compensatory responses to renal injury. It needs to
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Figure 4. Adiponectin resistance and diabetes. Obesity-linked hyperinsulinemia results in reduction of AdipoRs in the skeletal muscle and adipose
tissue of diabetes and obesity, thereby promoting hyperadiponectinemia and adiponectin resistance. Both hypoadiponectinemia resulted from
genetic factors or environmental factors and hyperinsulinemia in adiponectin resistance result in adiponectin failure, which further promote the
progression from insulin resistance to overt diabetes. Insulin resistance aggravates hyperadiponectinemia and adiponectin resistance. Adiponectin
resistance and insulin resistance interact each other, which leads to a vicious cycle. Hyperadiponectinemia and adiponectin resistance may be
associated with the lack or inhibition of the insulin receptor (Insr) precursor and insulinlike growth factor-1 (IGF-1) receptors signaling and AMPK

resistance.

be emphasized that the serious side effects of tesaglitazar
may greatly restrict the use of the drug in patients.
However, strategies based on minimizing adverse effects
and increasing the efficacy of PPAR-y agonists are po-
tentially possible (88).

Plasma adiponectin levels can also be upregulated
by thiazolidinediones (TZDs) (e.g., pioglitazone,
rosiglitazone), a class of PPAR-y agonists and medica-
tions used in the treatment of T2D (89). TZDs play an
important role in delaying and preventing the progression
of CKD in T2D. Although PPAR-y activation by TZDs is,
in general, considered beneficial for the amelioration of
diabetic renal complications in T2D, the underlying
mechanism(s) remains to be fully elucidated (88).

Utilization of medicines that induce adiponectin ac-
tivity may also become a breakthrough in prevention of
the progression of albuminuria in DKD (84). For ex-
ample, fenofibrate, a PPAR-« agonist, has been reported
to increase adiponectin expression in adipose tissue and
serum adiponectin levels through PPAR-« activation and
elevation of high-density lipoprotein (90, 91). Fenofi-
brate reduces systemic inflammation without improve-
ments in lipoprotein metabolism and without changing
insulin sensitivity (92), and potentially provide a new
therapeutic choice for DKD patients. Rosiglitazone, a

PPAR-vy agonist, has similar therapeutic effects on
DKD as fenofibrate (93). Rosiglitazone treatment in
albuminuria patients showed a decrease in fasting plasma
glucose and tumor necrosis factor-a, and an increase in
plasma adiponectin and glucose metabolic clearance rate,
suggesting that TZD may also prevent nephropathy in
T2D patients (93).

Summary

Evidence from both clinical studies and diabetes/obese
animal models demonstrate that lower adiponectin levels
and AdipoR1/R2 expression are associated with a higher
incidence of T2D. However, in contrast, adults with T1D
had significantly higher plasma adiponectin levels. Ele-
vated adiponectin levels are present in both T1D and T2D
patients with nephropathy, and the plasma level of adi-
ponectin is an independent predictor of the progression of
DKD. Renal insufficiency and tubular injury possibly
play a contributory role in the increases in serum and
urinary adiponectin levels seen in DN by either increasing
biodegradation and/or eliminating adiponectin in the
kidney or enhancing production of adiponectin in the
adipose tissue. Several SNPs of the AdipoQ gene are
associated with increased risk of developing T2D,
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obesity, and DKD. Very few SNPs of AdipoR1 and
AdipoR2 significantly associate with DKD. Only one
SNP on AdipoR2 showed a strong interaction with the
pathogenesis of nephropathy in diabetic patients.

Increased adiponectin levels reduce albuminuria,
glomerular hypertrophy, and inflammatory response in
kidney tissue. The renoprotection of adiponectin is as-
sociated with improvement of the endothelial dysfunc-
tion, reduction of oxidative stress, and upregulation of
endothelial nitric oxide synthase expression. These effects
are dependent on activation of AMPK by AdipoR1 and
activation of PPAR-«a signaling pathway by AdipoR2.
Patients with T1D and patients or animal models with
severe insulin resistance can develop adiponectin re-
sistance. A positive feedback system resulting from the
adiponectin resistance may explain the elevation of
plasma adiponectin levels in uremia and nephropathy.

Because adiponectin plays an important role in pro-
tecting against nephropathy, a therapeutic strategy for
the treatment of DKD may include the upregulation of
plasma adiponectin levels, the upregulation of adipo-
nectin receptors, or the development of adiponectin re-
ceptor agonists. Therefore, RAAS blockers, adiponectin
receptor agonists, and PPAR agonists (e.g., tesaglitazar,
TZDs, fenofibrate) may be potential therapeutic drugs
for the treatment of DKD. Further research on adipo-
nectin and AdipoRs structure and function should fa-
cilitate both in understanding the molecular mechanisms
of adiponectin actions and in designing novel antidiabetic
and DKD therapeutic drugs. Further studies are needed to
confirm the elevation of adiponectin expression and
production by human adipose tissue in response to
various stages of DKD, and to investigate the possible
existence of signaling molecules that could transmit
these changes.
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