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Metabolic syndrome and its components are associated with chronic kidney disease (CKD) development. Insulin resistance
(IR) plays a central role in the metabolic syndrome and is associated with increased risk for CKD in nondiabetic patients.
IR is common in patients with mild-to-moderate stage CKD, even when the glomerular filtration rate is within the normal
range. IR, along with oxidative stress and inflammation, also promotes kidney disease. In patients with end stage renal disease,
IR is an independent predictor of cardiovascular disease and is linked to protein energy wasting and malnutrition. Systemic
inflammation, oxidative stress, elevated serum adipokines and fetuin-A, metabolic acidosis, vitamin D deficiency, depressed
serum erythropoietin, endoplasmic reticulum stress, and suppressors of cytokine signaling all cause IR by suppressing insulin
receptor-PI3K-Akt pathways in CKD. In addition to adequate renal replacement therapy and correction of uremia-associated
factors, thiazolidinedione, ghrelin, protein restriction, and keto-acid supplementation are therapeutic options. Weight control,
reduced daily prednisolone dosage, and the use of cyclosporin decrease the risk of developing new-onset diabetes after kidney
transplantation. Improved understanding of the pathogenic mechanisms underlying IR in CKD may lead to more effective

therapeutic strategies to reduce uremia-associated morbidity and mortality.

1. Introduction

Despite recent advances in the treatment of chronic kidney
disease (CKD), it remains an important public health
challenge [1]. CKD is a major risk factor for end stage
renal disease (ESRD) and cardiovascular disease [2], and
cardiovascular disease is the leading cause of mortality in
uremic patients. Cardiac mortality in dialysis patients is more
than 10-fold greater than that of the general population
[2]. The excess cardiovascular mortality in patients with
CKD is not explained by traditional risk factors such
as hypertension and hypercholesterolemia. Identifying and
treating risk factors for early CKD may be the best approach
to prevent and delay adverse outcome [3].

The metabolic syndrome (MetS), characterized by
abdominal obesity, hypertriglyceridemia, depressed serum
high-density lipoprotein cholesterol (HDL-C), high blood

pressure, and high fasting glucose level [4], is commonly seen
in patients with CKD. Insulin resistance (IR) plays a central
role in the MetS and is associated with increased risk for CKD
in nondiabetic patients [5, 6]. The MetS and its components
are associated with the development of CKD, microalbu-
minuria, and overt proteinuria [7, 8]. There is a strong
association between HDL-C, inflammatory surrogates, and
IR in this nondiabetic, nonobese hemodialysis (HD) patient
group. In addition, serum HDL-C level is a good screening
parameter in high-risk patients [9].

Rodents are widely used to mimic human diseases to
improve understanding of the causes and progression of
disease symptoms and to test possible therapeutic interven-
tions. For instance, Diabetic Zucker fatty rats (ZDFs), a
model of early onset obesity, have a mutation in the leptin
receptor gene. Also, Goto-Kakizaki (GK) rodents, which are
nonobese to begin with and genetically engineered to have


mailto:kuochenglu@gmail.com

malfunctioned p-cells, can mimic noninsulin-dependent
disorder [10]. These models can utilize urine concentration
of energy metabolites to evaluate the metabolic syndrome
in prediabetic insulin-resistant and hyperglycemia stage.
Chronic consumption of a high-carbohydrate, high-fat diet
by normal rodents may provide an adequate rodent model
to mimic the human metabolic syndrome and for testing
potential therapeutic interventions [10, 11].

IR is common in patients with mild-to-moderate CKD
[12]. IR is also an independent predictor of cardiovascular
mortality in ESRD [13] and is increasing recognized as
a nontraditional risk factor [14, 15]. IR is common in
patients with ESRD [16] and is linked to protein energy
wasting and malnutrition [17, 18]. Nutritional, metabolic,
and cardiovascular complications of renal disease may be
a consequence of abnormal insulin action [19]. Therefore,
IR may be an important therapeutic target for reduction of
cardiovascular mortality in patients with CKD.

2. Measurement of IR

There are a number of methods to assess insulin sensitivity
in the dynamic versus static state. Estimates of IR based
on fasting insulin concentration may not be adequate in
patients with CKD as it largely reflects hepatic defects,
whereas CKD impairs insulin catabolism [20]. Hyperin-
sulinemic euglycemic clamp is the gold standard for IR
determination because it provides a direct measure of whole-
body sensitivity to insulin, primarily skeletal muscle. At
lower doses of insulin infusion, the addition of labeled
glucose can allow for specific assessment of the ability of
insulin to suppress endogenous glucose production. This
method can differentiate between peripheral IR and hepatic
IR and provides a direct and precise IR measurement
[20, 21]. The oral glucose tolerance test (OGTT) primarily
measures glucose tolerance, which reflects both IR and
beta-cell function; IR can be calculated from OGTT using
validated formulae. On the other hand, the hyperglycemic
clamp is the gold standard for the measurement of beta-cell
function. Due to the complexity of this methodology, more
practical methods such as homeostatic model assessment
(HOMA) and the quantitative insulin sensitivity check index
(QUICKTI) are widely used in clinical studies. The HOMA test
estimates IR from fasting glucose and insulin concentrations,
but primarily reflects hepatic IR rather than peripheral
IR. There is an inverse linear correlation between IR by
euglycemic hyperinsulinemic clamp and log-transformed IR
by HOMA [22]. Therefore, IR by HOMA can be used as an
alternative method to assess IR in patients with renal failure.

3.IRin CKD

IR is a well-known complication of ESRD based on hyper-
insulinemic euglycemic clamp testing. IR is also present
in early stage CKD, even when the glomerular filtration
rate (GFR) is within the normal range. Glucose disposal
rate (GDR) correlates negatively with serum creatinine
level and positively with creatinine clearance [12]. A large
prospective study using data from the Atherosclerosis Risk in
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Communities (ARICs) cohort confirmed a step-wise increase
in risk for CKD development with the number of MetS
criteria met in nondiabetic adults, ever after controlling for
the development of diabetes mellitus (DM) and hypertension
[5]. A prospective cohort study found that MetS predicts
the risk of prevalent and incident CKD. This same study
found IR to be associated with prevalent CKD and rapid
decline in renal function among elderly individuals in an
older Asian nondiabetic cohort [23]. However, there is little
evidence that preventing or treating symptoms of the MetS
protects patients with renal impairment. IR, along with
oxidative stress and inflammation, is suggested to play a role
in the development of albuminuria and declining kidney
function [23, 24]. Hyperglycemia may not only cause poor
renal function but also lower expression of Klotho protein
in diabetic kidney, and these defects could be reversed by
correction of blood glucose levels using insulin treatment in
diabetic rats [25].

3.1. IR Accentuates Kidney Injury. IR promotes kidney dis-
ease by worsening renal hemodynamics through mechanisms
such as activation of the sympathetic nervous system [26],
sodium retention, decreased Na*, K*-ATPase activity, and
increased GFR [24]. Endoplasmic reticulum (ER) stress
seems to be the factor-linking inflammation and IR at
the molecular level. The suppression of insulin signaling
via phosphorylation of the insulin receptor substrate (IRS-
1) due to activation of c-Jun N-terminal kinase (JNK)
plays an important role [27]. Renal ER stress is associated
with proteinuria-induced podocyte damage and alteration
of nephrin N-glycosylation in podocytes, which is the
underlying factor in the pathogenesis of proteinuria, and is
involved in the pathophysiology of chronic kidney injury
with tubulointerstitial damage [28]. According to Sowers
[29], IR and inflammatory cytokine release may be partly
responsible for glomerular mesangial expansion, basement
membrane thickening, podocytopathy, and the loss of slit
pore diaphragm integrity ultimately leading to glomeru-
losclerosis and tubulointerstitial injury. Megalin, an endo-
cytic receptor, mediates the conservation of nutrients and
carrier bound vitamins in glomerular filtrates via interaction
with various molecules in renal proximal tubular epithelial
cells (PTECs) [30]. In metabolic syndrome or dyslipidemia,
free fatty acids are delivered to PTECs with the carrier
proteins such as albumin or liver-type fatty acid-binding
protein [31]. Metabolically overloaded PTECs are activated
to express proinflammatory cytokines, such as MCP1 and
TNFa, and lead to epithelial-mesenchymal transition [32].

IR may drive the overproduction of very low-density
lipoprotein cholesterol and contribute to hypertriglyc-
eridemia [36]. Triglyceride-rich apolipoprotein B-containing
lipoproteins clearly promote the progression of renal insuf-
ficiency [37]. High triglyceride levels are a risk factor for
proteinuria development [38].

3.2. IR in CKD Patients with Dialysis Therapy. Adequate
HD has a positive effect on IR (Table 1), but there is
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TaBLE 1: Clinical studies assessing IR in healthy controls, CKD patients, and patients receiving PD, HD, or kidney transplantation (KT).

Patients n GDR (mg/kg/min) HOMA index
Controls [33] 10 9.93 + 1.33 1.85-1.95
CKD [12] 292 6.91 + 2.46 2.24 + 1.06
Before Tx After Tx Before KT After KT

With PD [34] 92 6.35 + 1.65 8.18 + 1.76

With HD [34] 10? 6.53 + 1.84 9.74 + 2.88

1 M after KT [35] 34 3.05 +2.72 1.67 £ 1.25

6 M after KT [35] 34 3.05 +2.72 2.32 +2.83

CKD: chronic kidney disease; GDR: glucose disposal rate; HOMA: homeostasis model assessment for insulin resistance; ESRD: end stage renal disease; CAPD:

continuous ambulatory PD; Tx: dialysis treatment; KT: kidney transplantation.

2Nondiabetic.

little clinical data regarding the effect of peritoneal dialysis
(PD) on insulin sensitivity. After comparing the effect of
continuous cycling PD (CCPD) to that of HD on IR in
younger adolescent uremic patients [39], the percentage
increase and the final insulin sensitivity were significantly
higher in the CCPD group than the HD group. This may be
because PD provided better clearance of middle-molecule-
weight uremic toxins than HD. In contrast, in 19 nondiabetic
patients with ESRD, CAPD therapy for 5.4 weeks normalized
IR similar to HD. There is close correlation between changes
in blood urea nitrogen (BUN) or HCO3™ and IR [34]. The
variations in effect on IR with PD may be due to the different
modalities used.

3.3. IR in CKD Patients with Kidney Transplantation.
After renal transplantation, serum leptin level dramatically
decreased immediately and correlated significantly with
serum insulin level and HOMA index. Serum leptin levels
at six months after transplant were significantly higher than
that of controls and correlation between serum leptin levels
and HOMA index persisted [35]. Five years after transplant,
serum leptin, IR, body fat percentage, and serum lipids had a
profile similar to those in the pretransplant period. A positive
correlation between leptin and IR in the late postrenal
transplantation period persisted [40]. Distribution of obesity
and prednisolone treatment are predominant determinants
of IR in the long term after transplantation [41]. These
findings suggest that IR might play a role in increased leptin
concentration in renal transplant recipients together with
increased body fat mass. IR after transplantation could be
managed favorably by weight control in overweight patients
and prednisolone dose reduction. Pretransplant glycemia
and high posttransplant BUN were associated with a greater
risk of posttransplant hyperglycemia [42].

4. Factors Affecting IR in CKD

IR in CKD exists mainly at periphery. As adipose tissue
accounts for the disposal of less than 2% of the glucose
load, muscle tissue must represent the primary site of
IR in patients with ESRD. Hepatic glucose production is
not increased and is suppressed normally in response to

insulin in patients with ESRD. IR may not lead to a comp-
ensatory increase in insulin secretion, as compared to
patients without advanced kidney disease [43]. In contrast
to animal models with high-fat intake-induced IR, IR is first
manifested in the liver and then in white adipose tissue, while
skeletal muscle remains insulin sensitive [44]. A postreceptor
defect is recognized as the primary defect in CKD. One
study demonstrated that IRS-1-associated phospho-inositol
(PI) 3-kinase (K) activity is suppressed. The potential
mechanism for the reduction in IRS-1-associated PI3-K
activity is induction of the p85 PI3-K regulatory subunit, but
another mechanism may also be involved [45]. Downstream
function of the IRS-PI3 K-Akt pathways was associated with
chronic inflammation, metabolic acidosis, vitamin D and
parathyroid hormone status, anemia, uremic toxins, and
adipokines.

4.1. IR Associated with Inflammation in CKD. A complex
network of nutritional and metabolic alterations underlies
CKD, including chronic inflammation, oxidative stress, IR,
and protein energy wasting. Like other chronic diseases,
patient with CKD demonstrates low-grade systemic in-
flammation marked by elevated levels of proinflammatory
cytokines such as C-reactive protein (CRP), tumor necrosis
factor alpha (TNF-«), inerleukin-6 (IL-6), and interleukin-
1 beta (IL-1p) [46]. Inflammation and oxidative stress are
evident in the early stage of CKD [47] and are also known
to induce IR, primarily via increased production of proin-
flammatory cytokines.

In the presence of insulin, the insulin receptor phos-
phorylates IRS, which is linked to the activation of two
main signaling pathways: the phosphatidylinositol 3-kinase
(PI3 K)-AKT/protein kinase B (PKB) pathway, which is
responsible for most of the metabolic action such as glucose
transport, and the Ras-mitogen-activated protein kinase
(MAPK) pathway, which regulates gene expression and
cooperates with the PI3 K pathway to control cell growth and
differentiation [48]. In animal models of CKD, PI3 K activity
is reduced and both apoptosis [49], and ATP-ubiquitin-
proteasome pathways are activated [50]. This mechanism
could increase muscle atrophy in conditions with impaired
insulin action.
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FIGURE 1: Insulin resistance in chronic kidney disease. Renal failure and adipose tissue lead to systemic inflammation and increased
plasma levels of adipokines. TNF-« activates adipose tissue lipolysis, which generates free-fatty acids (FFAs). On muscle cells, FFAs activate
transcription factors, such as peroxisome proliferator-activated receptor (PPAR), and generate messengers including diacylglycerol (DAG)
and long-chain acyl-CoA (LCA-CoA), which will lead to protein kinase C (PKC) activation and dephosphorylation of insulin receptor
substrate (IRS)-1/2. On muscle cells, TNF-« activates a series of kinases including IKK-f, c-Jun NH2-terminal kinase (JNK), extracellular
signal-regulated kinase (ERK), protein kinase C (PKC), Akt (PKB), mammalian target of rapamycin (mTOR), and glycogen synthase
kinase 3 (GSK3) responsible for phosphorylation of insulin receptor (InsR) and IRS-1 on serine/threonine residues. Inhibition of IRS-
1 function will block Akt leading to cytosol glucose transporter 4 (GLUT4) sequestration. Fetuin-A could also inhibit IRS and induce
low-grade inflammation. IL-6 is responsible for the induction of different suppressors of cytokine signaling (SOCS) proteins through the
Janus kinase/signal transducer and activator of transcription (Jak/STAT)-signaling pathway. SOCS will inhibit IRS-1/2 and protein kinase
A. Endoplasmic reticulum stress seems to be another factor linking inflammation and insulin resistance at the molecular level. Red line

illustrates the mechanism of CKD-related factors in IR.

TNF-« induces IR through direct or indirect mechanisms
(Figure 1). TNF-a can induce IRS-1 serine phosphoryla-
tion through activation of serine kinases including IKK-
p [51], c-Jun NH2-terminal kinase (JNK), extracellular
signal-regulated kinase (ERK), protein kinase C (PKC),
Akt (PKB), mammalian target of rapamycin (mTOR), and
glycogen synthase kinase 3 (GSK3) [49]. After infusion of
TNF-«a in healthy humans, IR develops in skeletal muscle
that is associated with impaired phosphorylation of Akt
substrate 160, leading to dysfunction of glucose transporter
4 (GLUT4) translocation and glucose uptake [52]. Excessive
concentrations of TNF-a negatively regulate insulin signaling
and whole-body glucose uptake in humans. Additionally,
TNF-a stimulates lipolysis and release of free-fatty acids
[53]. Free-fatty acids induce intracellular accumulation of
diacylglycerol and long-chain acyl CoA, with subsequent
protein kinase C activation and dephosphorylation of IRS-
1/2 in human skeletal muscle cell. Other studies demonstrate
that IL-6 can also inhibit the insulin-signaling pathway at
the level of the insulin receptor and IRS-1 interaction [54].
Administration of an IL-1 receptor antagonist in patients
with type II DM not only decreases serum CRP and IL-6

levels but also improves insulin sensitivity [55]. Defects in
insulin signaling through the protein kinase Akt underlie
the development of IR. Akt acts as a nodal point in the
control of both the metabolic and pleiotropic effects of
insulin. Imbalance among these effects leads to cardiac
hypertrophy, fibrosis, and apoptosis, reduced angiogenesis,
metabolic remodeling, and altered calcium cycling, all key
features of uremic cardiomyopathy [56].

Fetuin-A, also called a2-Heremans-Schmid glycoprotein
(Ahsg), is a powerful circulating inhibitor of vascular cal-
cification [57]. CKD patients have significantly lower levels
of fetuin-A than healthy controls. Short-term treatment
with sevelamer increases serum fetuin-A concentration in
stage 4 CKD patients [58]. In dialysis patients, calcimimetic
therapy for secondary hyperparathyroidism significantly
decreases fetuin-A levels [59]. However, serum fetuin-A
levels increased obviously following parathyroidectomy in
patients with refractory renal hyperparathyroidism [60].
Fetuin-A inhibits insulin receptor tyrosine kinase activity by
blocking autophosphorylation of tyrosine kinase and IRS-1
and induces lower-grade inflammation [61, 62], resulting in
IR [63, 64]. Recently, epidemiological studies showed that
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serum fetuin-A was associated with IR [65] and its com-
orbidities, such as MetS [66] and type 2 DM [67, 68]. Higher
fetuin-A concentrations were associated with type 2 DM and
IR in middle-aged and elderly Chinese patients [69]. How-
ever, the possible effects of fetuin-A on IR in CKD deserve
turther elucidation.

Suppressors of cytokine signaling (SOCS) are a family of
intracellular proteins, several of which have emerged as key
physiological regulators of cytokine-mediated homeostasis,
including innate and adaptive immunity. In CKD or ESRD
patients, increased expression of SOCS in monocytes and
lymphocytes, accompanied by increased plasma levels of
the inflammatory cytokines IL-6, CRP, and TNFa, was
reported [70, 71]. Recent observations also suggest that
SOCS expression levels are also profoundly altered in kidney
disease [72].

SOCS proteins act as a classical feedback loop to ensure
fine regulation of cytokine-signaling pathways, and the
classical target of the SOCS proteins is inhibition of the
JAK-STAT-signaling pathway. SOCS proteins can also inhibit
insulin signaling; SOCS-1 knock-out mice show hypo-
glycemia and increased insulin signaling. Recent studies
showed that SOCS proteins not only exacerbate IR but also
act as an important link between elevated cytokine levels and
IR [73]. SOCS-3 can bind phosphorylated Tyr960 on the
insulin receptor, which is important for IRS-1 binding [74].
Inhibition of SOCS-1 is likely mediated through binding
to the kinase domain of the insulin receptor, preventing
further phosphorylation [75]. Targeting of IRS-1 and -2
for ubiquitin-dependent degradation via the proteasomal
machinery may be another inhibitory mechanism [76].

Elevated IL-6 induced SOCS-3 expression and conse-
quently inhibited insulin signaling in human differentiated
myotubes grown in vitro [77]. SOCS-3 expression was not
elevated in muscle from nondiabetic obese and type 1 DM
patient. Increased SOCS-3 expression in patients with type 2
DM may be explained by the combination of high glucose
and IL-6 levels in the blood. High levels of inflammatory
cytokines lead to increased SOCS-1 and -3 expression in
insulin sensitive tissues, which induce IR via inhibition of the
insulin-signaling pathway.

4.2. Role of Adipokines. Adipokines are markedly elevated
in the plasma of uremic patients, mainly due to reduced
renal excretion. Obesity superimposed on uremia may
further aggravate hyperadipokinemia. Abnormal adipocy-
tokine levels, including leptin and adiponectin, may further
promote IR and a proinflammatory state in CKD [78].
The exact pathophysiological role of adipokines [79, 80]
in the pathogenesis of IR in CKD is still unclear. Leptin
may be considered as a uremia toxin and is associated
with reduced energy intake and protein-energy wasting
in uremic patients [81]. Leptin signaling in the central
nervous system was recently shown to be an important
cause of anorexia [82]. Leptin also significantly interferes
with neutrophil chemotaxis [83] and produces vascular dam-
age through proatherogenic and proinflammatory effects
[84]. Adiponectin could mediate insulin-sensitizing [85,

86], antiatherogenic, and anti-inflammatory actions [87].
However, whether the removal of leptin by dialysis may
translate into prospective improvements in appetite, nutri-
tion status, neutrophil chemotaxis, and other clinical benefits
in uremic patients still needs to be clarified [88]. Exper-
iments conducted on animal models and in vitro on cell
culture demonstrated that adiponectin signaling via MAPK
regulates oxidative stress, segmental fusion of podocyte foot
processes, and albuminuria [89, 90]. Adiponectin treat-
ment decreased albuminuria, glomerular hypertrophy, and
tubulointerstitial fibrosis due to the restoration of VCAM-
1, monocyte chemoattractant protein-1, TNF-a, TGF-f1,
collagen type I/III, and Nox to the levels found in wild-
type mice [91]. In patients on HD, plasma adiponectin levels
were inversely related to body mass index values, insulin
levels, and HOMA index [92]. Plasma adiponectin is an
inverse predictor of cardiovascular outcome. However, the
paradoxical unfavorable effect of high adiponectin could be a
consequence of a concurrent process of wasting and salt and
volume overload.

In humans, resistin is expressed by macrophages residing
in adipose tissue. Resistin appears to disturb the immune
response and contribute to increased atherosclerotic risk
by modulating the activity of endothelial [93]. Circulating
resistin levels are strongly associated with both GFR and
inflammatory biomarkers in CKD, but not with IR [94].
Visfatin is mainly synthesized in visceral fat and is linked
to impaired endothelial function and angiogenesis [95]. In
PD patients, serum visfatin might be a sensitive marker
for cardiac performance [96]. Chemerin is another novel
adipokine linked to obesity and is also increased in uremic
patients. In incident dialysis patients, elevated chemerin is
associated with a survival advantage despite its significant
positive correlation with markers of inflammation and
dyslipidemia [97].

Previous study showed that adipose-derived proinflam-
matory cytokines exert direct inhibitory effects on muscle
insulin signaling, accounting for the close link between IR
and systemic inflammation [98]. Obesity or abdominal fat
accumulation is associated with oxidative stress and impaired
insulin action in patients with CKD. There is a plausible
relationship between inflammatory biomarkers and truncal
fat mass in patients with ESRD. Weight loss may decrease the
inflammatory and oxidative burden in CKD and attenuate
cardiovascular risk in this population [99].

4.3. Role of Vitamin D and Secondary Hyperparathyroidism.
There are evidences that the vitamin D and or parathyroid
hormone (PTH) axis is important in the pathogenesis of
glucose intolerance and IR in patients with CKD. IR is
present in the early stages of CKD and has an inverse asso-
ciation with 25-hydroxyvitamin D levels [100]. Vitamin D
metabolism is profoundly disturbed in CKD; abnormalities
begin during early CKD stages, that is, stage 3 or earlier,
and progress as renal function declines [101]. Vitamin
D is now recognized as having pleiotropic roles beyond
bone and mineral homeostasis, with vitamin D receptor
and metabolizing machinery identified in multiple tissues.



Circulating 25-hydroxyvitamin D concentration correlates
with glucose tolerance, beta-cell function, and insulin sen-
sitivity, measured using oral glucose tolerance tests and
hyperglycemia clamps [102, 103]. Intravenous vitamin D3
corrects glucose intolerance and stimulates insulin secretion
in response to a glucose challenge in 1,25-dihydroxyvitamin
D3 (1,25(0OH),D3)-deficient animals [104]. After four weeks
of intravenous 1,25(OH),Ds therapy, glucose intolerance,
IR, hypoinsulinemia, and hypertriglyceridemia were cor-
rected in patients on HD, in the absence of PTH suppression
[105]. A single dose of 1,25(OH),D3 also improved insulin
sensitivity [106].

The mechanisms through which excess PTH blunts
insulin sensitivity are uncertain. Medical treatment of hyper-
parathyroidism in patients with CKD led to correction of
glucose intolerance and increased insulin secretion [107]. In
a CKD animal model, PTH did not affect tissue resistance
to insulin, and the normalization of glucose metabolism in
the absence of PTH was due to increased insulin secretion
[108]. One study indicates that PTH could stimulate calcium
influx into cells and that increased cellular calcium concen-
tration enhances insulin secretion [109]. Contrary to some
published data, peripheral blood mononuclear cells from
patients with CKD had higher cytosolic calcium concentra-
tion and intracellular calcium stores, and long-term vitamin
D3 supplement can only normalize the cytosolic calcium
concentration without any effect on intracellular calcium
store in the absence of PTH [110]. Calcitriol treatment
of patients on HD with secondary hyperparathyroidism is
associated with increased insulin secretion; this is linked
to decreased intracellular free calcium [111]. It is possible
that the effect of altered calcium content in beta cells on
insulin secretion depends on the magnitude and duration of
the change. Recent evidence indicates that the ER mediates
cytosolic calcium concentration, and ER stress is a central
feature of IR. Cytosolic calcium levels or calcium modulation
of the signal transduction of the insulin receptor might play
a central role in the mechanisms of IR [112].

4.4. Other Clinical Conditions in CKD. Accumulation of
uremic toxins may contribute to IR in ESRD. The middle-
molecular range peptides in uremic serum induce IR in
adipose cells [113]. Pseudouridine [65], which accumu-
lates in the circulation, and asymmetric dimethyl arginine
(ADMA) [114] are recognized as an important uremic toxins
associated with CKD and IR. Urea, which was previously
considered to have negligible toxicity, induced reactive
oxygen species generation and caused IR in an animal model
[115].

Metabolic acidosis may also play a significant role in IR
in CKD. It is linked to protein-energy malnutrition and in-
flammation. Evidence suggests that the catabolic effects
of metabolic acidosis may be due to increased activity
of the adenosine triphosphate (ATP)-dependent ubiquitin-
proteasome and branched-chain ketoacid dehydrogenase
[116]. Treatment of metabolic acidosis with oral bicarbonate
increased both insulin sensitivity and insulin secretion in
patients with uremia measured by hyperinsulinemic eug-
lycemic clamp [117].
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Patients with ESRD generally have low-exercise tolerance,
and this may contribute to IR and metabolic abnormalities
[118]. Moderate endurance training programs improved
some metabolic abnormalities and insulin sensitivity. Cor-
rection of anemia by erythropoietin (EPO) therapy in HD
reportedly improves exercise tolerance. Significant improve-
ments in glucose tolerance and insulin sensitivity have been
found in CKD patients after six [65] or nine months [119] of
EPO therapy for anemia. Improvement of exercise tolerance
following EPO treatment may be the important factor in the
improvement in glucose metabolism in patients with CKD.

5. Treatment of IR in CKD

IR is highly prevalent in CKD patients and is associated with
a complex network of nutritional and metabolic alterations
including chronic systemic inflammation, oxidative stress,
and protein-energy wasting. Whether IR is antecedent to
CKD or a consequence of impaired kidney function has
been the subject of debate. The goal of IR treatment is
traditionally aimed at etiologies including uremic toxins,
protein catabolism, vitamin D deficiency, metabolic acidosis,
anemia, poor physical fitness, and cachexia.

Thiazolidinediones (TZDs) are a class of oral dia-
betic medications that function via binding peroxisome
proliferator-activated receptor y, thereby increasing insulin
sensitivity in peripheral tissue [120]. Evidence demonstrates
that TZD therapy can alter cardiovascular risk factors
leading to increased HDL-C and circulating adiponectin,
decreased triglycerides, visceral adiposity, circulating inflam-
matory mediators, albuminuria, improved flow-mediated
vasodilation, and blunted carotid intima-media thickening.
Observations suggest that improvement in glycemic control
is not the dominant operative mechanism for the effects of
TZD. In patients with noninsulin-dependent DM on HD,
TZD treatment was associated with significantly lower all-
cause mortality among insulin-free but not insulin-requiring
patients [121]. Although a meta-analysis suggested that TZD
was associated with increased cardiovascular mortality [122],
no conclusions can be drawn regarding the association
between TZD and nonfatal cardiovascular events in dialysis
patients.

Vitamin D supplementation for the general population
may lead to a small but significant improvement in mortality
but did not appear to prevent the development of DM
in the largest clinical trial to date [123]. Data from the
HD population consistently suggest that calcitriol improves
short-term insulin secretion and insulin sensitivity in ESRD
[105, 111]. This may be due to the fact that patients with
CKD have profound vitamin D deficiency at baseline, and
vitamin D therapy may be most effective when intrinsic 1-
a hydroxylase activity is most impaired. Further long-term
clinical trials in the setting of CKD are warranted to test this
hypothesis.

IR was at least partially correctable by maintenance HD
after EPO therapy. Treatment of malnutrition by intravenous
nutrition [124] or low-protein diet supplement with amino
acid-keto acid supplements improves IR. Recent studies show
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that dairy proteins and meat stimulate insulin/insulin-like
growth factor-1 signaling and provide high amounts of
leucine, a primary and independent stimulator for mTORC1
activation. The downstream target of mTORCI, kinase
S6 K1, induces IR by phosphorylation of IRS-1. Attenuation
of leucine-mediated mTORCI signaling by defining appro-
priate upper limits of the daily intake of leucine-rich proteins
were advocated for the prevention of type Il DM and obesity
[125]. However, this cannot apply to the advanced CKD
patients as leucine, and essential amino acids have a critically
important role in muscle protein turnover. Although there is
some resistance to leucine in CKD, leucine-rich supplements
in the management of uremic muscle wasting were suggested
[126]. IR in children with CKD improved during treatment
with dietary protein restriction and essential amino acid and
keto-acid supplement. These metabolic changes were not
related to hyperparathyroidism and were probably due to a
reduction in nitrogen toxicity [127].

Early detection of MetS or high triglyceride levels might
be beneficial if accompanied by early intervention such
as fibrate therapy to lower triglyceride levels and suppress
pathways for renal injury [128]. However, studies showed a
controversial role of hypertriglyceridemia in CKD. Patients
with hypertriglyceridemia had a relative risk of 2.01 for
nephropathy, and higher risk of CKD was found in patients
with triglyceride levels greater than 200 mg/dl [129]. The
Helsinki Heart Study, a randomized clinical trial of gemfi-
brozil for the prevention of coronary heart disease, found no
association between triglyceride levels and CKD [130].

Sympathetic hyperactivity, activation of the renin-
angiotensin-aldosterone system (RAAS), and the related
development of hypertension are implicated in CKD; this
may be further aggravated by excess dietary salt intake and
effects of IR and hyperinsulinemia on sodium retention [78].
IR in patients on maintenance HD was ameliorated after
12 weeks of treatment with angiotensin II receptor blockers
[131]. However, insulin per se may have a modest anti-
inflammatory effect as evidenced by a reduction in serum
CRP that appears to have a persistent effect over the 24 h after
dialysis [132].

Ghrelin is a gastric hormone [133] discovered in its
acylated form and extensively studies for its appetite-
stimulating effect. Evidence shows that total circulating
ghrelin is positively associated with insulin sensitivity in
general [134] and in patients with CKD. Nonobese, nondi-
abetic HD patients may present with higher circulating total
ghrelin [135]. In a nephrectomy animal model, two weeks of
subcutaneous ghrelin administration reduced loss of muscle
mass, associated with enhanced muscle transcription of
PPAR-y coactivator 1-« and anti-inflammatory effects [136].
Ghrelin may be considered a novel potential therapeutic
agent to effectively counteract CKD-related loss of lean body
mass.

Lowering daily prednisolone toward 5 mg/day has ben-
eficial effects on insulin action after renal transplantation,
but withdrawal of 5mg prednisolone may not influence IS
significantly [137]. New onset DM after renal transplantation
increases the risk of morbidity and mortality. The use of
cyclosporine rather than tacrolimus decreases the risk of

developing new-onset DM after transplantation, while the
potential long-term benefits of this strategy require further
study [138].

6. Conclusion

IR is prevalent in CKD patients and plays a role in
declining renal function. The etiology of IR is multifactorial
and associated with a complex network including chronic
inflammation, oxidative stress, vitamin D deficiency, anemia,
and malnutrition. These factors are associated with elevated
inflammatory cytokines, adipokines, ER stress, and SOCS,
leading to an acquired defect of the insulin receptor-signaling
pathway. TZD treatment is associated with significantly
reduced all-cause mortality and higher serum albumin
among an insulin-free population but is used sparingly
due to possible side effects. Proper nutritional supplemen-
tation and prevention of uremia-associated complications
including dyslipidemia, vitamin D and EPO deficiency, and
anemia may also improve insulin sensitivity among the CKD
population. Ghrelin may be a novel intervention to enhance
appetite in malnourished CKD patients. Further studies
with larger patient populations are necessary to clarify long-
term effects of these treatments. More novel approaches to
improving IR in the CKD population might lead to potential
strategies for preventing excess mortality.
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