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Abstract
Insulin resistance (IR) is stated as diminished insulin action regardless of hyperinsulinemia. The usual target
organs for insulin activities are the liver, skeletal muscle, and adipose tissue. Hence, the vasculature and
kidneys are nonconventional target organs as the impacts of insulin on these are comparatively separate
from other conventional target organs. Vasodilation is achieved by raising endothelial nitric oxide (NO)
generation by initiating the phosphoinositide 3-kinase (PI3K) pathway. In insulin-nonresponsive conditions,
this process is defective, and there is increased production of endothelin-1 through the mitogen-activated
protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway, which predominates the NO
effects, causing vasoconstriction. Renal tubular cells and podocytes have insulin receptors, and their
purposeful importance has been studied, which discloses critical acts of insulin signaling in podocyte
survivability and tubular action. Diabetic nephropathy (DN) is a prevalent problem in individuals with
hypertension, poor glycemic management, hereditary susceptibility, or glomerular hyperfiltration. DN could
be a significant contributing factor to end-stage renal disease (ESRD) that results from chronic kidney
disease (CKD). IR and diabetes mellitus (DM) are the constituents of syndrome X and are accompanied by
CKD progression. IR performs a key part in syndrome X leading to CKD. However, it is indistinct whether IR
individually participates in enhancing the threat to CKD advancement rather than CKD complexity. CKD is
an extensive public health problem affecting millions of individuals worldwide. The tremendous spread of
kidney disease intensifies people’s health impacts related to communicable and noncommunicable
diseases. Chronic disease regulator policies do not include CKD at global, local, and/or general levels.
Improved knowledge of the character of CKD-associated problems might aid in reforming diagnosis,
prevention, and management.
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Introduction And Background
The incidence and prevalence of end-stage renal disease (ESRD) and chronic kidney disease (CKD) are
rising alarmingly around the world [1]. Numerous metabolic abnormalities, including oxidative stress,
ongoing inflammation, and endothelial dysfunction, are present in CKD [2]. Insulin resistance (IR) in
advanced renal disease is a widely known condition and is one of the elements causing the rise in mortality
due to CKD [3]. Due to the high occurrence of diabetic nephropathy (DN) in those with poorly managed
diabetes, diabetes mellitus (DM) continues to be a serious health concern. DN is the most typical
microvascular consequence of DM that might result in ESRD. DN is characterized by proteinuria in the
absence of any other renal disease. This issue frequently affects people with hypertension, poor glycemic
control, inherited susceptibility, or glomerular hyperfiltration [4]. IR is crucial for the onset and development
of DN. According to a report, people with type 2 diabetes mellitus (T2DM) with DN are more insulin-resistant
than those without [5]. One of the primary signs of DN is microalbuminuria, which is directly related to IR [6].
In diabetic kidney disease/DN, various pathological processes are motivated by podocytes’ insulin signal
transmission pathway errors.

The mechanisms underlying the establishment of IR in podocytes must be understood to comprehend the
morphological and functional degeneration of podocytes, glomeruli, and, ultimately, the kidneys in diabetes
[7]. Numerous investigations found a direct link between DN, structural damage, and dysfunction of
glomerular podocytes [8]. Proteinuria and glomerulosclerosis are caused by reductions in the number of
podocytes equally in diabetic and nondiabetic glomerular disorders [9]. IR and compensatory
hyperinsulinemia are linked to a higher prevalence of CKD. Previous research revealed that several
processes connect IR and hyperinsulinemia to renal injury [10]. In addition, insulin promotes renal cell
growth and encourages the origination of significant growth promoters such as insulin-like growth factor-1
(IGF-1) and transforming growth factor-β [11]. Insulin stimulates the countenance of the angiotensin II type 1
receptor in mesangial cells, magnifying the detrimental outcomes of angiotensin II in the kidney and
enhancing the synthesis and nephritic activity of endothelin-1 [12]. Besides, reduced endothelial nitric oxide
(NO) generation and considerably oxidative stress are allied to IR and hyperinsulinemia, which participate in
the progression of DN [13]. This review explains the aforementioned and additional putative pathways
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through which IR and hyperinsulinemia may cause renal injury.

Materials and methods
This paper explains the probable means for insulin insensitivity, T2DM, and the renal system. The pieces of
literature were searched on electronic archives through Google, Google Scholar, ScienceDirect, PubMed,
and ResearchGate. The list of references of allied papers was reviewed to obtain additional pieces of
literature. Keywords included IR, diabetes mellitus, NO, vasodilation, PI3K pathway, renal tubular cells,
podocytes, CKD, and renal system. Papers published before 2000 and printed in other languages were cast
aside (Figure 1). The appropriateness of the articles was manually checked before adding to this study.
Identical articles were carefully removed. Following our valuation and assimilation of the suggested works of
literature, a follow-up conversation was held to address any questions, concerns, errors, or biases related to
the specific articles.

FIGURE 1: Diagrammatic representation of the study
method.
IR: insulin resistance; NO: nitric oxide; PI3K: phosphoinositide 3-kinase; CKD: chronic kidney
disease

Image credit: Susmita Sinha

Review
Podocytes and their delicacy
Endothelial cells, the glomerular basement membrane, and podocytes construct the selective glomerular
filtration barrier, which restricts protein loss from the blood into the dominant filtrate [14]. Slit diaphragms
(SDs) are unique cell-to-cell connections formed by mature podocytes between interdigitating foot
processes (Figure 2). The principal diameter-specific filtration system in the kidneys, for example, the SDs,
is 20 nm in length and is essential for preserving glomerular structure and efficiency [15]. Podocytes have a
compound actin filament cytoskeletal structure attributed to nephrin, the SD protein that serves as an
organizational and signaling particle in the SD. Again, podocytes are incapable of proliferation; as a result,
they are the most sensitive part of the glomerular filtration system. High glucose levels, increased free fatty
acid echelons, free radicals, transforming growth factor-β, and angiotensin II, as well as
hemodynamic influences such as structural stress caused by changes in capillary tension, all can cause
podocyte damage [16].
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FIGURE 2: Schematic drawing of a typical nephron,
glomerulus, and glomerular filtration barrier.
Image credit: Susmita Sinha

Podocytes use glucose as energy
Podocytes’ primary power source is thought to be glucose, and these cells mainly acquire their energy
through anaerobic glycolysis. Almost 80% of glucose is transported into podocytes by facilitative diffusion;
the rest, 20%, presumably accounts for sodium-dependent cotransport [17]. Glucose transporter type 4
(GLUT-4) and 8 (GLUT-8) transport glucose into the cells through facilitated diffusion in podocytes.
Moreover, sodium-glucose cotransporter 1 (SGLT-1) and 2 (SGLT-2) use the transmembrane sodium
gradient for energy-dependent glucose uptake into the cells [18]. At standard conditions, GLUT-1 transports
glucose into cells, while GLUT-4 transports glucose in the presence of insulin. GLUT-4 is typically confined
to in-cell vesicular compartments initially; later, insulin stimulation causes a shift of GLUT-4 to the cell
surface. In contrast to GLUT-1, GLUT-4 expression was depressed by prolonged exposure to podocytes to
high glucose concentrations [19].

Effects of insulin on podocytes
A membrane receptor protein is first bound to insulin, which then activates it to produce its subsequent
outcomes. The insulin receptor is made up of four subunits grasped in conjunction by disulfide bonds: two α
and two β subunits. The binding of insulin to the α subunits exterior to the cell membrane causes the cell to
become autophosphorylated. This autophosphorylation of the β subunits of the receptor triggers tyrosine
kinase, which in succession roots the phosphorylation of several other intracellular enzymes termed insulin
receptor substrate (IRS) [20]. Diverse kinds of IRS are exhibited in various tissues. Phosphorylated IRS
then binds to the controlling subunit of phosphoinositide 3-kinase (PI3K) for its activation. Activated PI3K
phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate
(PIP3), subsequently rises in PIP3 accumulation at the plasma membrane, and later engages and
stimulates phosphoinositide-dependent kinase-1 (PDK1). Protein kinase B (PKB/Akt) stimulation is the
subsequent phase, needing its transportation to the cell surface, PIP3 attachment, and consequent
phosphorylation by PDK1. Stimulated Akt provokes a shift of GLUT-4 from cytoplasmic sacs to the cell
surface, ensuing in more C6H12O6 uptake into cells [21]. Thus, insulin directs the intracellular processes to
provide the best impact on the metabolism of carbohydrates, fats, and proteins (Figure 3). In healthy
people, insulin integrates the metabolism of carbohydrates, proteins, and lipids to maintain glucose
homeostasis. Insulin limits fat and liver gluconeogenesis hydrolysis while enhancing glucose transport in
muscle and the liver [22]. One more research study revealed that DN is also connected to higher morbidity
and death rates in patients with diabetes as an important factor in renal failure. The physiopathological link
involving T2DM and the renal system is triggered by a variety of extensive threat variables, notably heredity,
overweight, hyperlipidemia, and resistance to insulin [23]. Furthermore, IR is the crucial linkage between
these conditions.
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FIGURE 3: Insulin signaling pathway in podocytes.
PTP1B: protein tyrosine phosphatase 1B; IRS: insulin receptor substrate; PI3K: phosphoinositide 3-
kinase; PIP2: phosphatidylinositol 4,5-bisphosphate; PIP3: phosphatidylinositol 3,4,5-triphosphate;
PTEN: phosphatase and tensin homolog; PDK1: phosphoinositide-dependent kinase-1; PKB/Akt:
protein kinase B; GLUT-4: glucose transporter type 4

Image credit: Susmita Sinha

Active insulin directly affects podocytes. Nephrin, one of the SD proteins, is vital in insulin-dependent
C6H12O6 uptake into epithelial cells of renal glomerulus. In the presence of insulin, GLUT-4 vesicles in
nephrin mutant podocytes were transferred to the cell’s boundary, but they were unable to attach to the cell
surface [24]. Studies revealed that podocytes had more insulin receptors (IRs) than endothelium or
mesangial cells, showing that insulin betokening in podocytes is all important for the activities of insulin [25].
Insulin links with the epithelial cells in the glomerulus to modify the actin cytoskeletal construction of the
podocytes and is vital for preserving the functionality of the glomerular filtration barrier. Cytoplasmic tyrosine
phosphatase Src homology 2 comprising protein tyrosine phosphatase (SHP-1) has been demonstrated to
dephosphorylate a broad range of phosphor-proteins responsible for cell signaling of the tyrosine kinase
family receptors. Reduced insulin and nephrin activities and glomerular epithelial cell malfunction were
triggered by increased SHP-1 expression in podocytes exposed to hyperglycemia [26].

Type 2 diabetes mellitus and renal system
Fasting plasma C6H12O6 echelons of over 126 mg/dL, oral glucose tolerance test (OGTT) values of over
200 mg/dL after two hours, HbA1C values of over 6.5%, or the usage of antidiabetic drugs are all indicators
of diabetes mellitus [27]. Chronic hyperglycemia gradually leads to IR and is thereby associated with the
pathogenicity of T2DM [28]. Rats fed a high-fat diet (HFD) along with the injection of low doses of
streptozotocin (STZ) develop T2DM, which is an insulin-resistant condition [29]. Another study found that
prostaglandin E1 (PGE1), one of the hormones most tissues produce to control blood flow, hindered IR and
alleviated renal dysfunction in T2DM rats’ kidneys. Furthermore, they showed that PGE1-persuaded IR was
restored as a consequence of the decrease in autophagy and subsequent overexpression of the resultant
molecule fibroblast growth factor-21 (FGF-21) [30]. Numerous degenerative events in DN possibly are the
major impairments in the stimulation by insulin and their transformation path in glomerular epithelial cells.
Past research found a strong relationship between DN and glomerular podocyte structural damage and
malfunction. In diabetic and nondiabetic glomerular pathologies, a decline in the proportion of podocytes
results in proteinuria and glomerulosclerosis [31]. Exposition to elevated glucose concentration causes
many cellular abnormalities in insulins’ usual target cells, such as muscles, adipocytes, and hepatocytes.
Apart from the representative insulin target tissues, insulin affects the majority of human organs and cells,
for instance, the kidneys and arteries, by modifying the hemodynamics, podocyte, and tubular function
(Figure 4) [32].

2022 Sinha et al. Cureus 14(9): e28944. DOI 10.7759/cureus.28944 4 of 11

https://assets.cureus.com/uploads/figure/file/444888/lightbox_167c60602f5c11edad496d44aca01f66-lightbox_68c0272028d211ed9c524d97bca9c9c8-Figure-2-Insulin-Signaling-Pathway-in-Podocytes.png


FIGURE 4: Schematic diagram showing the effects of diabetes
on glucose transporters and glucose transport on podocytes.
GLUT: glucose transporter; IRS1: insulin receptor substrate-1; Akt: protein kinase B

Image credit: Susmita Sinha

Insulin resistance
IR is diminished physiological responsiveness to insulin instigation in target tissues, particularly the liver,
muscle, and adipose tissue [33]. In addition, IR impedes glucose removal, giving rise to hyperinsulinemia,
and IR is a widespread condition affecting numerous organs and insulin-regulated pathways [34]. Patients
with mild to moderate CKD frequently have IR, individually identified as a nontraditional health concern and
an important determinant of cardiac events in ESRD [35]. IR is frequent in ESRD subjects and
accompanies malnourishment and protein energy depletion. Atypical insulin activity may lead to renal failure
associated with nutritional, metabolic, and circulatory consequences. As a result, IR may represent a
significant treatment option for lowering mortality in CKD patients. During IR, insulin augments the renal
sodium reabsorption and provokes sympathetic nervous system work, which could significantly subsidize
the blooming of hypertension [36].

Measurement of Insulin Resistance

The ideal technique for IR assessment is the hyperinsulinemic-euglycemic clamp because it offers a precise
valuation of the overall physique’s sensitivity to insulin, particularly skeletal muscle. Using tagged glucose
can help determine precisely how well insulin suppresses endogenous glucose production when
administered at a lower dose. This technique affords a direct and detailed IR measurement and can
differentiate between peripheral and hepatic IR [37]. IR can be evaluated by “Homeostasis Model
Assessment of IR (HOMA-IR), calculated as insulin level in mIU/L times glucose in mg/dL divided by 405,”
and “Matsuda index as a measure of whole-body IR, calculated as 10,000 divided by the square root of
fasting plasma glucose (FPG) times fasting immunoreactive insulin (IRI) times two-hour post-load glucose
times two-hour post-load IRI.” The Matsuda index measures resistance to insulin throughout the entire body,
especially skeletal muscle, and is applied to quantify HOMA-IR, which indicates hepatic IR using the
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Homeostasis Model Assessments. In individuals with CKD, measurements of IR relying on fasting insulin
levels may not be accurate since CKD inhibits insulin catabolism, and fasting insulin concentration primarily
represents hepatic abnormalities [38].

Insulin Resistance in Chronic Kidney Disease

IR is carried on by impaired insulin signaling. Insulin combines with the insulin receptor on the cell surface
of aimed tissues to generate the established biological responses [39]. IR is evident in the initial stage of
CKD despite having an average glomerular filtration rate (GFR). It has been postulated that IR, along with
oxidative stress and inflammation, performs a part in the headway of albuminuria and the decline of kidney
function [40]. Hyperglycemia may induce poor renal function and reduced assertion of Klotho protein in the
DM kidney. These abnormalities in diabetic rats could be reversed by lowering plasma C6H12O6 echelons
with insulin therapy [41]. IR promotes kidney disease through deteriorating renal hemodynamics by

processes including sympathetic nervous system stimulation, Na+ withholding, diminished Na+-K+ ATPase
action, and higher GFR [42]. At the molecular level, endoplasmic reticulum (ER) stress appears to represent
the link between the inflammatory process and IR [43]. A significant function is performed through the
stimulation of c-Jun N-terminal kinase (JNK), which suppresses insulin summoning by phosphorylating the
insulin receptor substrate-1 (IRS1) [44]. The underlying cause of proteinuria, kidney endoplasmic reticulum
stress, is linked to podocyte injury resulting from proteinuria and changes in nephrin N-glycosylation in
podocytes. Renal ER stress is also related to the pathogenesis of chronic kidney dysfunction with
tubulointerstitial degeneration (Figure 5) [45]. The increased triglyceride levels in the blood and the over-
production of very low-density lipoprotein cholesterol may be instigated by IR. Reactive oxygen species
(ROS), which prevent insulin from inducing tyrosine autophosphorylation of the insulin receptor, have been
hypothesized to perform a role in the evolution of IR [46].
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FIGURE 5: Process of the generation of renal injury in insulin
resistance.
NO: nitric oxide

Image credit: Susmita Sinha

In contrast to IR, which first manifests in the liver and then in white adipose tissue, the skeletal muscle
remains liable to insulin [47]. The primary deficiency in CKD is accredited to be a post-receptor impairment
[48]. CKD is influenced by a complex circuit of dietary and metabolic changes involving oxidative stress, IR,
chronic inflammation, and protein energy wastage. Patients with CKD have low-grade inflammatory
reactions similar to that seen in most chronic illnesses, as seen by higher echelons of pro-inflammatory
cytokines, notably C-reactive protein (CRP), tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and
interleukin-1 beta (IL-1β) [49]. Inflammation and oxidative stress are known to cause IR, mostly by the
higher production of pro-inflammatory cytokines, and are noticeable in the initial phases of CKD. The
phosphoinositide 3-kinase (PI3K)-Akt/protein kinase B (PKB) pathway, which is in charge of the majority of
metabolic processes such as glucose transport, and the Ras/mitogen-activated protein kinase (MAPK)
pathway, which controls gene expression and works in conjunction with the PI3K pathways to regulate cell
proliferation and distinction, are the two main beckoning pathways that are triggered in the presence of
insulin [50].

TNF-α infusion causes IR in skeletal muscle [51], which is connected with decreased phosphorylation of Akt

2022 Sinha et al. Cureus 14(9): e28944. DOI 10.7759/cureus.28944 7 of 11

https://assets.cureus.com/uploads/figure/file/444893/lightbox_f5db814028d211ed85376bc5e942e1fc-Figure-3-Process-of-Generation-of-Renal-Injury-in-Insulin-Resistance.png


substrate 160, resulting in the impairment of GLUT-4 shift and C6H12O6 utilization [51]. Another research
shows that IL-6, too, can hinder the insulin signaling pathways at the insulin receptor and IRS1
communication levels, and the progression of IR is due to errors in insulin signaling via the protein kinase
Akt [52].

Insulin Signaling Derangements

The insulin-induced growth factor receptor-bound protein 2 (Grb2)-son of sevenless (SOS)-renin-
angiotensin system (RAS) pathway activates mitogen-activated protein kinase (MAPK) extracellular
signal‑regulated protein kinases (ERKs)-1/2. It is a crucial regulator of cell division and proliferation [53].
Insulin also has non-metabolic actions conducted through the PI3K/Akt/PKB pathway, such as preventing
apoptosis and encouraging cell viability. To prevent severe metabolic and proliferating disturbances, insulin
signal transduction should be closely regulated [54]. To block the signal pathway in the important insulin
receptor/IRS or Akt/PKB, the negative controls are frequently stimulated by insulin as a feedback system.
Chronic hyperactivation of these regulators results in their dysregulation, which leads to IR [55].
Phosphotyrosine and phosphoserine/threonine protein phosphatases (PTP1B and PP2A, B, and C) are
examples of negative controllers, lipid phosphatases regulating PIP3 levels (PTEN and SHIP) [56,57] and
insulin receptor adaptor proteins and IRS (Grb and SOCS). Serine/threonine phosphorylation of the insulin
receptor and IRS by insulin-mediated activation of serine/threonine kinases, primarily by a c-Jun amino-
terminal kinase (JNK), IkB kinase (IKK), protein kinase C (PKC), serine/threonine-protein kinase (S6K1), and
ERKs, is an additional conventional inhibitory process of the insulin signaling cascade [58,59].

Effects of Insulin on NO Signaling and Its Contribution to Developing Hypertension

Various organs have shown hemodynamic consequences of insulin, suggesting that insulin has a
widespread NO-mediated vasodilatory impact. Insulin stimulates PI3K, PDK1, and Akt/PKB after binding to
endothelial IR, which increases endothelial nitric oxide synthase (eNOS) activity and promotes NO
generation by phosphorylating eNOS at Ser1177 [60]. Additionally, insulin activates the MAPK/ERK
pathway, which causes endothelial cells to generate and secrete endothelin-1, promoting vascular smooth
muscle cell (VSMC) growth and vasoconstriction. The MAPK/ERK pathway is unaffected or strengthened in
the IR condition when the PI3K route is compromised, resulting in a reduction in NO generation, since both
courses are out of balance, leading to vasoconstriction, VSMC growth, and consequently hypertension
[61,62].

Insulin Resistance and Renal Blood Flow

As shown by eliminating para-aminohippuric acid (PAH) throughout a hyperinsulinemic-euglycemic clamp,
insulin enhanced renal blood flow in physiological circumstances. L-N-monomethyl-L-arginine, an antagonist
of NO synthase, reversed this outcome [63], demonstrating that insulin encouraged NO production in the
renal vasculature. It is assumed that the renal vasculature exhibits diminished NO signaling, indicative of an
IR condition [64]. Renal blood flow would be diminished as a consequence of the increased renovascular
resistance brought on by endothelial dysfunction of the renal arteries [65]. GFR would be decreased as a
result of decreased insulin-stimulated NO generation, causing an increase in renal vascular resistance [66].
GFR is frequently higher in obese individuals with syndrome X or uncontrolled T2DM [67]. Glomerular
hyperfiltration, which characterizes early DN and is also present in type 1 diabetes mellitus, is most likely
produced by factors apart from insulin [68]. Reduced tubuloglomerular feedback and afferent arteriole
dilatation brought on by more significant salt reabsorption, including glucose, are the main processes
causing glomerular hyperfiltration [69].

Conclusions
The kidney contributes an essential command in maintaining glycemic homeostasis. The generation and use
of renal glucose are predominant aspects of glucose metabolism in humans, as shown by experiments
using radiolabeled glucose. IR would occur from the multiplex adaptation of the manifestation of glucose in
the blood brought on by kidney disease. People with CKD experience IR at abundant stages of renal
damage. Additional experiments and clinical research are required to understand the effects of insulin
among individuals with CKD because enough data is not easily obtainable for renal failure patients.

Being overweight, decreased physical activity, and unhealthy food patterns are a few common but
changeable health issues in CKD that also aggravate IR. Various IR targeting therapies such as lifestyle
interventions, dialysis procedures, cessation of smoking, and regular exercise could be advantageous for
CKD patients.

Additional Information
Disclosures
Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from

2022 Sinha et al. Cureus 14(9): e28944. DOI 10.7759/cureus.28944 8 of 11



any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

References
1. Stenvinkel P: Chronic kidney disease: a public health priority and harbinger of premature cardiovascular

disease. J Intern Med. 2010, 268:456-67. 10.1111/j.1365-2796.2010.02269.x
2. Modaresi A, Nafar M, Sahraei Z: Oxidative stress in chronic kidney disease. Iran J Kidney Dis. 2015, 9:165-

79.
3. Koppe L, Pelletier CC, Alix PM, Kalbacher E, Fouque D, Soulage CO, Guebre-Egziabher F: Insulin

resistance in chronic kidney disease: new lessons from experimental models. Nephrol Dial Transplant. 2014,
29:1666-74. 10.1093/ndt/gft435

4. A/L B Vasanth Rao VR, Tan SH, Candasamy M, Bhattamisra SK: Diabetic nephropathy: an update on
pathogenesis and drug development. Diabetes Metab Syndr. 2019, 13:754-62. 10.1016/j.dsx.2018.11.054

5. Karalliedde J, Gnudi L: Diabetes mellitus, a complex and heterogeneous disease, and the role of insulin
resistance as a determinant of diabetic kidney disease. Nephrol Dial Transplant. 2016, 31:206-13.
10.1093/ndt/gfu405

6. Østergaard MV, Pinto V, Stevenson K, Worm J, Fink LN, Coward RJ: DBA2J db/db mice are susceptible to
early albuminuria and glomerulosclerosis that correlate with systemic insulin resistance. Am J Physiol Renal
Physiol. 2017, 312:F312-21. 10.1152/ajprenal.00451.2016

7. Jin J, Shi Y, Gong J, Zhao L, Li Y, He Q, Huang H: Exosome secreted from adipose-derived stem cells
attenuates diabetic nephropathy by promoting autophagy flux and inhibiting apoptosis in podocyte. Stem Cell
Res Ther. 2019, 10:95. 10.1186/s13287-019-1177-1

8. Vallon V, Komers R: Pathophysiology of the diabetic kidney. Compr Physiol. 2011, 1:1175-232.
10.1002/cphy.c100049

9. Shankland SJ: The podocyte's response to injury: role in proteinuria and glomerulosclerosis. Kidney Int.
2006, 69:2131-47. 10.1038/sj.ki.5000410

10. Sarafidis PA, Ruilope LM: Insulin resistance, hyperinsulinemia, and renal injury: mechanisms and
implications. Am J Nephrol. 2006, 26:232-44. 10.1159/000093632

11. Du P, Fan B, Han H, et al.: NOD2 promotes renal injury by exacerbating inflammation and podocyte insulin
resistance in diabetic nephropathy. Kidney Int. 2013, 84:265-76. 10.1038/ki.2013.113

12. Hargrove GM, Dufresne J, Whiteside C, Muruve DA, Wong NC: Diabetes mellitus increases endothelin-1
gene transcription in rat kidney. Kidney Int. 2000, 58:1534-45. 10.1046/j.1523-1755.2000.00315.x

13. Dellamea BS, Leitão CB, Friedman R, Canani LH: Nitric oxide system and diabetic nephropathy. Diabetol
Metab Syndr. 2014, 6:17. 10.1186/1758-5996-6-17

14. Arif E, Nihalani D: Glomerular filtration barrier assembly: an insight. Postdoc J. 2013, 1:33-45.
15. Lennon R, Randles MJ, Humphries MJ: The importance of podocyte adhesion for a healthy glomerulus.

Front Endocrinol (Lausanne). 2014, 5:160. 10.3389/fendo.2014.00160
16. Rogacka D: Insulin resistance in glomerular podocytes: potential mechanisms of induction. Arch Biochem

Biophys. 2021, 710:109005. 10.1016/j.abb.2021.109005
17. Lewko B, Bryl E, Witkowski JM, et al.: Characterization of glucose uptake by cultured rat podocytes. Kidney

Blood Press Res. 2005, 28:1-7. 10.1159/000080889
18. Wasik AA, Lehtonen S: Glucose transporters in diabetic kidney disease-friends or foes? . Front Endocrinol

(Lausanne). 2018, 9:155. 10.3389/fendo.2018.00155
19. Mueckler M, Thorens B: The SLC2 (GLUT) family of membrane transporters. Mol Aspects Med. 2013,

34:121-38. 10.1016/j.mam.2012.07.001
20. Saini V: Molecular mechanisms of insulin resistance in type 2 diabetes mellitus. World J Diabetes. 2010,

1:68-75. 10.4239/wjd.v1.i3.68
21. Lizcano JM, Alessi DR: The insulin signaling pathway. Curr Biol. 2002, 12:R236-8. 10.1016/s0960-

9822(02)00777-7
22. Newsholme EA, Dimitriadis G: Integration of biochemical and physiologic effects of insulin on glucose

metabolism. Exp Clin Endocrinol Diabetes. 2001, 109 Suppl 2:S122-34. 10.1055/s-2001-18575
23. Thomas MC, Brownlee M, Susztak K, et al.: Diabetic kidney disease. Nat Rev Dis Primers. 2015, 1:15018.

10.1038/nrdp.2015.18
24. Coward RJ, Welsh GI, Koziell A, et al.: Nephrin is critical for the action of insulin on human glomerular

podocytes. Diabetes. 2007, 56:1127-35. 10.2337/db06-0693
25. Mima A, Ohshiro Y, Kitada M, et al.: Glomerular-specific protein kinase C-β-induced insulin receptor

substrate-1 dysfunction and insulin resistance in rat models of diabetes and obesity. Kidney Int. 2011,
79:883-96. 10.1038/ki.2010.526

26. Drapeau N, Lizotte F, Denhez B, Guay A, Kennedy CR, Geraldes P: Expression of SHP-1 induced by
hyperglycemia prevents insulin actions in podocytes. Am J Physiol Endocrinol Metab. 2013, 304:E1188-98.
10.1152/ajpendo.00560.2012

27. Karnchanasorn R, Huang J, Ou HY, Feng W, Chuang LM, Chiu KC, Samoa R: Comparison of the current
diagnostic criterion of HbA1c with fasting and 2-hour plasma glucose concentration. J Diabetes Res. 2016,
2016:6195494. 10.1155/2016/6195494

28. Sinha S, Haque M: Insulin resistance is cheerfully hitched with hypertension. Life (Basel). 2022,
12:10.3390/life12040564

29. Guo XX, Wang Y, Wang K, Ji BP, Zhou F: Stability of a type 2 diabetes rat model induced by high-fat diet
feeding with low-dose streptozotocin injection. J Zhejiang Univ Sci B. 2018, 19:559-69.
10.1631/jzus.B1700254

30. Li Y, Xia W, Zhao F, et al.: Prostaglandins in the pathogenesis of kidney diseases. Oncotarget. 2018,
9:26586-602. 10.18632/oncotarget.25005

2022 Sinha et al. Cureus 14(9): e28944. DOI 10.7759/cureus.28944 9 of 11

https://dx.doi.org/10.1111/j.1365-2796.2010.02269.x
https://dx.doi.org/10.1111/j.1365-2796.2010.02269.x
http://www.ijkd.org/index.php/ijkd/article/view/2044/766
https://dx.doi.org/10.1093/ndt/gft435
https://dx.doi.org/10.1093/ndt/gft435
https://dx.doi.org/10.1016/j.dsx.2018.11.054
https://dx.doi.org/10.1016/j.dsx.2018.11.054
https://dx.doi.org/10.1093/ndt/gfu405
https://dx.doi.org/10.1093/ndt/gfu405
https://dx.doi.org/10.1152/ajprenal.00451.2016
https://dx.doi.org/10.1152/ajprenal.00451.2016
https://dx.doi.org/10.1186/s13287-019-1177-1
https://dx.doi.org/10.1186/s13287-019-1177-1
https://dx.doi.org/10.1002/cphy.c100049
https://dx.doi.org/10.1002/cphy.c100049
https://dx.doi.org/10.1038/sj.ki.5000410
https://dx.doi.org/10.1038/sj.ki.5000410
https://dx.doi.org/10.1159/000093632
https://dx.doi.org/10.1159/000093632
https://dx.doi.org/10.1038/ki.2013.113
https://dx.doi.org/10.1038/ki.2013.113
https://dx.doi.org/10.1046/j.1523-1755.2000.00315.x
https://dx.doi.org/10.1046/j.1523-1755.2000.00315.x
https://dx.doi.org/10.1186/1758-5996-6-17
https://dx.doi.org/10.1186/1758-5996-6-17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5003421/pdf/nihms812259.pdf
https://dx.doi.org/10.3389/fendo.2014.00160
https://dx.doi.org/10.3389/fendo.2014.00160
https://dx.doi.org/10.1016/j.abb.2021.109005
https://dx.doi.org/10.1016/j.abb.2021.109005
https://dx.doi.org/10.1159/000080889
https://dx.doi.org/10.1159/000080889
https://dx.doi.org/10.3389/fendo.2018.00155
https://dx.doi.org/10.3389/fendo.2018.00155
https://dx.doi.org/10.1016/j.mam.2012.07.001
https://dx.doi.org/10.1016/j.mam.2012.07.001
https://dx.doi.org/10.4239/wjd.v1.i3.68
https://dx.doi.org/10.4239/wjd.v1.i3.68
https://dx.doi.org/10.1016/s0960-9822(02)00777-7
https://dx.doi.org/10.1016/s0960-9822(02)00777-7
https://dx.doi.org/10.1055/s-2001-18575
https://dx.doi.org/10.1055/s-2001-18575
https://dx.doi.org/10.1038/nrdp.2015.18
https://dx.doi.org/10.1038/nrdp.2015.18
https://dx.doi.org/10.2337/db06-0693
https://dx.doi.org/10.2337/db06-0693
https://dx.doi.org/10.1038/ki.2010.526
https://dx.doi.org/10.1038/ki.2010.526
https://dx.doi.org/10.1152/ajpendo.00560.2012
https://dx.doi.org/10.1152/ajpendo.00560.2012
https://dx.doi.org/10.1155/2016/6195494
https://dx.doi.org/10.1155/2016/6195494
https://dx.doi.org/10.3390/life12040564
https://dx.doi.org/10.3390/life12040564
https://dx.doi.org/10.1631/jzus.B1700254
https://dx.doi.org/10.1631/jzus.B1700254
https://dx.doi.org/10.18632/oncotarget.25005
https://dx.doi.org/10.18632/oncotarget.25005


31. Lewko B, Stepinski J: Hyperglycemia and mechanical stress: targeting the renal podocyte. J Cell Physiol.
2009, 221:288-95. 10.1002/jcp.21856

32. Bhattacharya S, Dey D, Roy SS: Molecular mechanism of insulin resistance. J Biosci. 2007, 32:405-13.
10.1007/s12038-007-0038-8

33. James DE, Stöckli J, Birnbaum MJ: The aetiology and molecular landscape of insulin resistance. Nat Rev
Mol Cell Biol. 2021, 22:751-71. 10.1038/s41580-021-00390-6

34. Kahn SE: The relative contributions of insulin resistance and beta-cell dysfunction to the pathophysiology of
type 2 diabetes. Diabetologia. 2003, 46:3-19. 10.1007/s00125-002-1009-0

35. Fragoso A, Mendes F, Silva AP, Neves PL: Insulin resistance as a predictor of cardiovascular morbidity and
end-stage renal disease. J Diabetes Complications. 2015, 29:1098-104. 10.1016/j.jdiacomp.2015.05.010

36. Navar LG: Physiology: hemodynamics, endothelial function, renin-angiotensin-aldosterone system,
sympathetic nervous system. J Am Soc Hypertens. 2014, 8:519-24. 10.1016/j.jash.2014.05.014

37. So A, Sakaguchi K, Okada Y, et al.: Relation between HOMA-IR and insulin sensitivity index determined by
hyperinsulinemic-euglycemic clamp analysis during treatment with a sodium-glucose cotransporter 2
inhibitor. Endocr J. 2020, 67:501-7. 10.1507/endocrj.EJ19-0445

38. Pham H, Utzschneider KM, de Boer IH: Measurement of insulin resistance in chronic kidney disease. Curr
Opin Nephrol Hypertens. 2011, 20:640-6. 10.1097/MNH.0b013e32834b23c1

39. Haeusler RA, McGraw TE, Accili D: Biochemical and cellular properties of insulin receptor signalling. Nat Rev
Mol Cell Biol. 2018, 19:31-44. 10.1038/nrm.2017.89

40. Liao MT, Sung CC, Hung KC, Wu CC, Lo L, Lu KC: Insulin resistance in patients with chronic kidney
disease. J Biomed Biotechnol. 2012, 2012:691369. 10.1155/2012/691369

41. Kale A, Sankrityayan H, Gaikwad AB: Epigenetic restoration of endogenous Klotho expression alleviates
acute kidney injury-diabetes comorbidity. Life Sci. 2022, 288:120194. 10.1016/j.lfs.2021.120194

42. Pereira-Moreira R, Muscelli E: Effect of insulin on proximal tubules handling of glucose: a systematic review.
J Diabetes Res. 2020, 2020:8492467. 10.1155/2020/8492467

43. Burgos-Morón E, Abad-Jiménez Z, Marañón AM, et al.: Relationship between oxidative stress, ER stress, and
inflammation in type 2 diabetes: the battle continues. J Clin Med. 2019, 8:10.3390/jcm8091385

44. Lee YH, Giraud J, Davis RJ, White MF: c-Jun N-terminal kinase (JNK) mediates feedback inhibition of the
insulin signaling cascade. J Biol Chem. 2003, 278:2896-902. 10.1074/jbc.M208359200

45. Li X, Chuang PY, D'Agati VD, et al.: Nephrin preserves podocyte viability and glomerular structure and
function in adult kidneys. J Am Soc Nephrol. 2015, 26:2361-77. 10.1681/ASN.2014040405

46. Gortan Cappellari G, Zanetti M, Semolic A, et al.: Unacylated ghrelin reduces skeletal muscle reactive
oxygen species generation and inflammation and prevents high-fat diet-induced hyperglycemia and whole-
body insulin resistance in rodents. Diabetes. 2016, 65:874-86. 10.2337/db15-1019

47. Caputo T, Gilardi F, Desvergne B: From chronic overnutrition to metaflammation and insulin resistance:
adipose tissue and liver contributions. FEBS Lett. 2017, 591:3061-88. 10.1002/1873-3468.12742

48. Xu H, Carrero JJ: Insulin resistance in chronic kidney disease. Nephrology (Carlton). 2017, 22:31-4.
10.1111/nep.13147

49. Yeo ES, Hwang JY, Park JE, Choi YJ, Huh KB, Kim WY: Tumor necrosis factor (TNF-alpha) and C-reactive
protein (CRP) are positively associated with the risk of chronic kidney disease in patients with type 2
diabetes. Yonsei Med J. 2010, 51:519-25. 10.3349/ymj.2010.51.4.519

50. Kido Y, Nakae J, Accili D: Clinical review 125: the insulin receptor and its cellular targets. J Clin Endocrinol
Metab. 2001, 86:972-9. 10.1210/jcem.86.3.7306

51. Plomgaard P, Bouzakri K, Krogh-Madsen R, Mittendorfer B, Zierath JR, Pedersen BK: Tumor necrosis factor-
alpha induces skeletal muscle insulin resistance in healthy human subjects via inhibition of Akt substrate 160
phosphorylation. Diabetes. 2005, 54:2939-45. 10.2337/diabetes.54.10.2939

52. Senn JJ, Klover PJ, Nowak IA, Mooney RA: Interleukin-6 induces cellular insulin resistance in hepatocytes.
Diabetes. 2002, 51:3391-9. 10.2337/diabetes.51.12.3391

53. Acosta JJ, Muñoz RM, González L, et al.: Src mediates prolactin-dependent proliferation of T47D and MCF7
cells via the activation of focal adhesion kinase/Erk1/2 and phosphatidylinositol 3-kinase pathways. Mol
Endocrinol. 2003, 17:2268-82. 10.1210/me.2002-0422

54. Ghosh R, Wang L, Wang ES, et al.: Allosteric inhibition of the IRE1α RNase preserves cell viability and
function during endoplasmic reticulum stress. Cell. 2014, 158:534-48. 10.1016/j.cell.2014.07.002

55. Engelman JA, Luo J, Cantley LC: The evolution of phosphatidylinositol 3-kinases as regulators of growth and
metabolism. Nat Rev Genet. 2006, 7:606-19. 10.1038/nrg1879

56. Vinciguerra M, Foti M: PTEN and SHIP2 phosphoinositide phosphatases as negative regulators of insulin
signalling. Arch Physiol Biochem. 2006, 112:89-104. 10.1080/13813450600711359

57. Lazar DF, Saltiel AR: Lipid phosphatases as drug discovery targets for type 2 diabetes. Nat Rev Drug
Discov. 2006, 5:333-42. 10.1038/nrd2007

58. Głombik K, Ślusarczyk J, Trojan E, Chamera K, Budziszewska B, Lasoń W, Basta-Kaim A: Regulation of
insulin receptor phosphorylation in the brains of prenatally stressed rats: New insight into the benefits of
antidepressant drug treatment. Eur Neuropsychopharmacol. 2017, 27:120-31.
10.1016/j.euroneuro.2016.12.005

59. Boucher J, Kleinridders A, Kahn CR: Insulin receptor signaling in normal and insulin-resistant states. Cold
Spring Harb Perspect Biol. 2014, 6:10.1101/cshperspect.a009191

60. Symons JD, McMillin SL, Riehle C, et al.: Contribution of insulin and Akt1 signaling to endothelial nitric oxide
synthase in the regulation of endothelial function and blood pressure. Circ Res. 2009, 104:1085-94.
10.1161/CIRCRESAHA.108.189316

61. Muniyappa R, Iantorno M, Quon MJ: An integrated view of insulin resistance and endothelial dysfunction.
Endocrinol Metab Clin North Am. 2008, 37:685-711. 10.1016/j.ecl.2008.06.001

62. Artunc F, Schleicher E, Weigert C, Fritsche A, Stefan N, Häring HU: The impact of insulin resistance on the
kidney and vasculature. Nat Rev Nephrol. 2016, 12:721-37. 10.1038/nrneph.2016.145

63. Seçilmiş MA, Karataş Y, Yorulmaz O, et al.: Protective effect of L-arginine intake on the impaired renal
vascular responses in the gentamicin-treated rats. Nephron Physiol. 2005, 100:p13-20. 10.1159/000084657

2022 Sinha et al. Cureus 14(9): e28944. DOI 10.7759/cureus.28944 10 of 11

https://dx.doi.org/10.1002/jcp.21856
https://dx.doi.org/10.1002/jcp.21856
https://dx.doi.org/10.1007/s12038-007-0038-8
https://dx.doi.org/10.1007/s12038-007-0038-8
https://dx.doi.org/10.1038/s41580-021-00390-6
https://dx.doi.org/10.1038/s41580-021-00390-6
https://dx.doi.org/10.1007/s00125-002-1009-0
https://dx.doi.org/10.1007/s00125-002-1009-0
https://dx.doi.org/10.1016/j.jdiacomp.2015.05.010
https://dx.doi.org/10.1016/j.jdiacomp.2015.05.010
https://dx.doi.org/10.1016/j.jash.2014.05.014
https://dx.doi.org/10.1016/j.jash.2014.05.014
https://dx.doi.org/10.1507/endocrj.EJ19-0445
https://dx.doi.org/10.1507/endocrj.EJ19-0445
https://dx.doi.org/10.1097/MNH.0b013e32834b23c1
https://dx.doi.org/10.1097/MNH.0b013e32834b23c1
https://dx.doi.org/10.1038/nrm.2017.89
https://dx.doi.org/10.1038/nrm.2017.89
https://dx.doi.org/10.1155/2012/691369
https://dx.doi.org/10.1155/2012/691369
https://dx.doi.org/10.1016/j.lfs.2021.120194
https://dx.doi.org/10.1016/j.lfs.2021.120194
https://dx.doi.org/10.1155/2020/8492467
https://dx.doi.org/10.1155/2020/8492467
https://dx.doi.org/10.3390/jcm8091385
https://dx.doi.org/10.3390/jcm8091385
https://dx.doi.org/10.1074/jbc.M208359200
https://dx.doi.org/10.1074/jbc.M208359200
https://dx.doi.org/10.1681/ASN.2014040405
https://dx.doi.org/10.1681/ASN.2014040405
https://dx.doi.org/10.2337/db15-1019
https://dx.doi.org/10.2337/db15-1019
https://dx.doi.org/10.1002/1873-3468.12742
https://dx.doi.org/10.1002/1873-3468.12742
https://dx.doi.org/10.1111/nep.13147
https://dx.doi.org/10.1111/nep.13147
https://dx.doi.org/10.3349/ymj.2010.51.4.519
https://dx.doi.org/10.3349/ymj.2010.51.4.519
https://dx.doi.org/10.1210/jcem.86.3.7306
https://dx.doi.org/10.1210/jcem.86.3.7306
https://dx.doi.org/10.2337/diabetes.54.10.2939
https://dx.doi.org/10.2337/diabetes.54.10.2939
https://dx.doi.org/10.2337/diabetes.51.12.3391
https://dx.doi.org/10.2337/diabetes.51.12.3391
https://dx.doi.org/10.1210/me.2002-0422
https://dx.doi.org/10.1210/me.2002-0422
https://dx.doi.org/10.1016/j.cell.2014.07.002
https://dx.doi.org/10.1016/j.cell.2014.07.002
https://dx.doi.org/10.1038/nrg1879
https://dx.doi.org/10.1038/nrg1879
https://dx.doi.org/10.1080/13813450600711359
https://dx.doi.org/10.1080/13813450600711359
https://dx.doi.org/10.1038/nrd2007
https://dx.doi.org/10.1038/nrd2007
https://dx.doi.org/10.1016/j.euroneuro.2016.12.005
https://dx.doi.org/10.1016/j.euroneuro.2016.12.005
https://dx.doi.org/10.1101/cshperspect.a009191
https://dx.doi.org/10.1101/cshperspect.a009191
https://dx.doi.org/10.1161/CIRCRESAHA.108.189316
https://dx.doi.org/10.1161/CIRCRESAHA.108.189316
https://dx.doi.org/10.1016/j.ecl.2008.06.001
https://dx.doi.org/10.1016/j.ecl.2008.06.001
https://dx.doi.org/10.1038/nrneph.2016.145
https://dx.doi.org/10.1038/nrneph.2016.145
https://dx.doi.org/10.1159/000084657
https://dx.doi.org/10.1159/000084657


64. Manrique C, Lastra G, Sowers JR: New insights into insulin action and resistance in the vasculature. Ann N
Y Acad Sci. 2014, 1311:138-50. 10.1111/nyas.12395

65. Tian XY, Wong WT, Leung FP, et al.: Oxidative stress-dependent cyclooxygenase-2-derived prostaglandin
f(2α) impairs endothelial function in renovascular hypertensive rats. Antioxid Redox Signal. 2012, 16:363-73.
10.1089/ars.2010.3874

66. DeFronzo RA, Reeves WB, Awad AS: Pathophysiology of diabetic kidney disease: impact of SGLT2
inhibitors. Nat Rev Nephrol. 2021, 17:319-34. 10.1038/s41581-021-00393-8

67. Wissing KM, Pipeleers L: Obesity, metabolic syndrome and diabetes mellitus after renal transplantation:
prevention and treatment. Transplant Rev (Orlando). 2014, 28:37-46. 10.1016/j.trre.2013.12.004

68. Vervoort G, Veldman B, Berden JH, Smits P, Wetzels JF: Glomerular hyperfiltration in type 1 diabetes
mellitus results from primary changes in proximal tubular sodium handling without changes in volume
expansion. Eur J Clin Invest. 2005, 35:330-6. 10.1111/j.1365-2362.2005.01497.x

69. Vallon V, Thomson SC: The tubular hypothesis of nephron filtration and diabetic kidney disease. Nat Rev
Nephrol. 2020, 16:317-36. 10.1038/s41581-020-0256-y

2022 Sinha et al. Cureus 14(9): e28944. DOI 10.7759/cureus.28944 11 of 11

https://dx.doi.org/10.1111/nyas.12395
https://dx.doi.org/10.1111/nyas.12395
https://dx.doi.org/10.1089/ars.2010.3874
https://dx.doi.org/10.1089/ars.2010.3874
https://dx.doi.org/10.1038/s41581-021-00393-8
https://dx.doi.org/10.1038/s41581-021-00393-8
https://dx.doi.org/10.1016/j.trre.2013.12.004
https://dx.doi.org/10.1016/j.trre.2013.12.004
https://dx.doi.org/10.1111/j.1365-2362.2005.01497.x
https://dx.doi.org/10.1111/j.1365-2362.2005.01497.x
https://dx.doi.org/10.1038/s41581-020-0256-y
https://dx.doi.org/10.1038/s41581-020-0256-y

	Insulin Resistance and Type 2 Diabetes Mellitus: An Ultimatum to Renal Physiology
	Abstract
	Introduction And Background
	Materials and methods
	FIGURE 1: Diagrammatic representation of the study method.


	Review
	Podocytes and their delicacy
	FIGURE 2: Schematic drawing of a typical nephron, glomerulus, and glomerular filtration barrier.

	Podocytes use glucose as energy
	Effects of insulin on podocytes
	FIGURE 3: Insulin signaling pathway in podocytes.

	Type 2 diabetes mellitus and renal system
	FIGURE 4: Schematic diagram showing the effects of diabetes on glucose transporters and glucose transport on podocytes.

	Insulin resistance
	FIGURE 5: Process of the generation of renal injury in insulin resistance.


	Conclusions
	Additional Information
	Disclosures

	References


