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Abstract
Diabetic nephropathy is associated with high morbid-
ity and mortality and the prevalence of this disease is 
continuously increasing worldwide. Long-term diabe-
tes increases the likelihood of developing secondary 
complications like nephropathy, the most common 
cause of end stage renal disease. Usually, other fac-
tors like hypertension, alcoholism and smoking also 
partly contribute to the progression of diabetic ne-
phropathy. Among this, cigarette smoking in diabetes 
has been repeatedly confirmed as an independent 
risk factor for the onset and progression of diabetic 
nephropathy. Various studies suggest that smoking 
is a major fuel in the development of high oxidative 
stress and subsequently hyperlipidemia, accumulation 
of advanced glycation end products, activation of the 
renin angiotensin system and Rho-kinase, which are 
observed to play a pathogenic role in the progression 
of diabetic nephropathy. Furthermore, cigarette smok-
ing in diabetic patients with vascular complications 
produces a variety of pathological changes in the kid-
ney, such as thickening of the glomerular basement 
membrane and mesangial expansion with progression 
in glomerulosclerosis and interstitial fibrosis, which 
ultimately results in end stage renal failure. Strong 
associations are consistently found between chronic 
cigarette smoking and diabetic microvascular com-
plications. A diverse group of studies unveil potential 

mechanisms that may explain the role of cigarette 
smoking in the progression of diabetic nephropathy. 
Tremendous efforts are being made to control smok-
ing mediated progression of diabetic nephropathy, 
but no promising therapy is yet available. The present 
review critically discusses the possible detrimental 
role of chronic cigarette smoking in the progression 
of diabetic nephropathy and various possible pharma-
cological interventions to attenuate the exacerbation 
of diabetic nephropathy.
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INTRODUCTION
Diabetic nephropathy is considered to be one of  the 
major complications of  diabetes mellitus and its preva-
lence is continuously progressing worldwide. Progres-
sion of  this disease is further accelerated by the partial 
or complete contribution of  various factors, such as 
hypertension, chewing tobacco, alcoholism and smok-
ing. Predominantly, nicotine exposure via chronic ciga-
rette smoking is an emerging cause that accelerates the 
microvascular complications in diabetes mellitus[1]. The 
pathophysiological mechanisms underlying the health 
effects of  cigarette smoking in diabetes are complex. 



Chakkarwar VA. Smoking exacerbates diabetic nephropathy

187 December 15, 2012|Volume 3|Issue 12|WJD|www.wjgnet.com

Diabetic smokers are usually associated with glomerular 
hypertrophy, glomerulosclerosis, tubulointerstitial fibro-
sis and mesangial cell expansion, followed by albumin-
uria and reduction in the glomerular filtration rate[2,3]. 
Thus, establishing the causes of  smoking mediated pro-
gression of  diabetic nephropathy remains the key step 
towards the prevention and amelioration of  this disease.

In diabetic microvasculature, a high level of  glu-
cose probably synergizes with superimposed stresses 
such as oxidative stress and hyperlipidemia to continue 
the stress on vascular cells, which is further increased 
by smoking. The potential risk factors involved in the 
progression of  diabetic nephropathy remain unclear, 
although smoking mediated hastening of  oxidative 
stress and hyperlipidemia play partial but key roles in 
this. Chronic and uncontrolled diabetes mellitus is often 
coupled with oxidative stress, a risk factor for diabetic 
microvascular complications. Furthermore, nicotine 
(an active constituent of  a cigarette) exposure is noted 
to promote excessive oxidative stress in diabetes[3]. To-
gether, diabetes and smoking mediated increased oxida-
tive stress subsequently leads to vascular endothelial cell 
dysfunction (VED), which is one of  the earliest meta-
bolic consequence of  chronic hyperglycemia[3-5]. In addi-
tion to this, both hyperglycemia and smoking (nicotine) 
downregulates endothelial nitric oxide synthase (eNOS), 
an enzyme involved in the generation of  NO, decreases 
endothelium dependent vasodilation and results in VED, 
which is subsequently involved in the pathogenesis of  
diabetic nephropathy[5-7]. Evidently, diabetes mediated 
oxidative stress upregulates the expression of  trans-
forming growth factor-β (TGF-β), a prosclerotic and 
profibrogenic cytokine, which again is implicated in 
the pathogenesis of  nephropathy[8,9]. Similarly, nicotine 
has also been noted to upregulate the expression of  
TGF-β and is involved in the pathogenesis of  diabetic 
nephropathy[8]. Thus, TGF-β is considered to be another 
common pathway for diabetes and smoking to worsen 
the nephropathy.

Hyperlipidemia is considered another major risk fac-
tor implicated in the progression of  diabetic nephropa-
thy[10]. Dyslipidemia is a condition associated with hyper-
triglyceridemia, elevated low density lipoprotein (LDL) 
levels and decreased high density lipoprotein (HDL) 
levels. Diabetes mediated hyperlipidemia is noted to be 
responsible for the progression of  nephropathy in rats[5]. 
The astonishing fact is that nicotine causes an impair-
ment of  lipoprotein lipase (LPL), an enzyme involved in 
the hydrolysis and clearance of  triglyceride (TG) from 
the circulation, and thus causes hyperlipidemia[11,12]. 
Furthermore, smokers have higher serum concentra-
tions of  TG and LDL and lower serum concentrations 
of  HDL compared with non-smokers[13]. This indicates 
that smoking independently contributes to hyperlip-
idemia and/or dyslipidemia-like conditions. Although 
the precise mechanism involved in diabetes-associated 
dyslipidemia is not clear, the insulin resistance in type Ⅱ 

diabetes mellitus could play a key role in elevating lipid 
levels[2,10]. In diabetic patients, high lipids could induce 
renal injury by stimulating TGF-β and thereby inducing 
the generation of  reactive oxygen species (ROS) to dam-
age the glomeruli, showing that diabetic hyperlipidemia 
accelerates reno-vascular complications[10]. Cigarette 
smoking associated hyperlipidemia has been identified 
as a progression factor in the development of  diabetic 
reno-vascular complications[14]. A study illustrated that 
diabetes mellitus may mediate renal injury by increas-
ing the renal expression of  sterol regulatory element-
binding protein-1 (SREBP-1), which is responsible for 
increasing the synthesis of  TGs and cholesterol, that 
are further associated with upregulation of  TGF-β and 
could play a pivotal role in the pathogenesis of  glo-
merulosclerosis and tubulointerstitial fibrosis[15]. One 
potential explanation for supporting the intricate effects 
of  nicotine is that smoking stimulates renal lipid accu-
mulation by increasing expression of  SREBP-1, which 
increases the synthesis of  TGs and cholesterol[16]. In 

addition to this, diabetes mediated activation of  Rho-
kinase and advanced glycation end products (AGEs)-like 
factors also participate in the pathogenesis of  nephrop-
athy[17,18]. Taken together, it could be indubitably sug-
gested that cigarette smoking could induce and worsen 
diabetic nephropathy. Therefore, initial interest focuses 
on strict glycemic control and subsequently smoking 
secession. Thus, identifying the major culprits and path 
of  their involvement in the pathogenesis of  diabetic ne-
phropathy may open a vista in exploring novel therapeu-
tic agents to ameliorate the induction and progression 
of  this disease.

OPTIMISTIC CONTRIBUTION OF 
DIABETIC OXIDATIVE STRESS AND 
HYPERLIPIDEMIA IN THE DEVELOPMENT 
OF NEPHROPATHY
In diabetes, chronic hyperglycemia is the single most 
important factor in the generation of  sustained oxidative 
stress. Under normal physiological conditions, a homeo-
static balance exists between the formation of  ROS and 
their removal by endogenous antioxidant compounds. 
However, oxidative stress occurs when this balance is 
disrupted by excessive production of  ROS and decreas-
ing endogenous antioxidants, probably due to chronic 
hyperglycemia[19,20]. ROS encompasses diverse chemical 
species, including superoxide or hydroxyl, are produced 
by oxygen metabolism and play a major part in cell sig-
naling, aging and microvascular diseases[21]. ROS acts as 
intracellular messengers and integral glucose signaling 
molecules in the diabetic kidney. The metabolism of  
glucose through harmful alternate pathways, such as 
glycolysis, specific defects in the polyol pathway, nicotin-
amide adenine dinucleotide phosphate (NADPH) oxi-
dase, advanced glycation and uncoupling of  nitric oxide 
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synthase, are mainly responsible to generate ROS[9]. In 
physiology, the unused glucose in the cytosol is diverted 
to the polyol pathway, where the aldose reductase re-
duces it to sorbitol by utilizing cofactor NADPH from 
the pentose phosphate pathway. In addition, chronic hy-
perglycemia causes excessive consumption of  NADPH 
in the polyol pathway and the net effect is the generation 
of  ROS[21]. 

Most estimates suggest that the excessive generation 
of  ROS in diabetes precedes endothelial dysfunction 
by decreasing eNOS expression and decreasing NO 
production[5,19,22,23]. Thus, the impaired ability of  endo-
thelial cells to modulate the vascular tone is a result of  
low bioavailability of  nitric oxide in the vascular lumen. 
Furthermore, in diabetes, low levels of  nitric oxide in 
endothelial cells may potentially result in ineffective sup-
pression of  ROS and could indirectly lead to enhanced 
vasoconstriction. This contention was further confirmed 
in subsequent in vitro and in vivo studies, which explains 
the enhancement in superoxide generation that ulti-
mately increases endothelin-Ⅰ production in diabetic rat 
glomeruli[24]. These alterations of  nitric oxide metabo-
lism promote oxidative stress, particularly in the diabetic 
renal milieu (glomerular and tubulointerstitial cells)[25]. 
In support of  these claims, oxidative stress coupled with 
chronic hyperglycemia may have an important role in the 
pathogenesis of  glomerular and tubular functional and 
structural abnormalities [20].

Cavernous mechanism often pertains in the develop-
ment of  oxidative stress. In diabetes, intricate mecha-
nisms are involved in the promotion of  oxidative stress. 
NADPH oxidase is the major source for superoxide gen-
eration. NADPH oxidase is located in the plasma mem-
brane of  various cells, including renal endothelial cells, 
fibroblast mesangial cells, proximal tubular cells and vas-
cular smooth muscle cells[26]. Furthermore, in the diabet-
ic rat, the stimulation of  expression of  NADPH oxidase 
was noted to be increased in the kidney and NADPH 
oxidase dependent overproduction of  ROS plays a key 
role in the induction of  renal hypertrophy and nephrop-
athy[23,27]. Intriguingly, activation of  glomerular SREBP-1 
increases NADPH oxidase-mediated ROS production, 
which further progresses diabetic nephropathy[28]. Thus, 
this evidence suggests a possible pathological role of  
NADPH in diabetic nephropathy. Enhanced oxidative 
stress has been shown to activate TGF-β, which regu-
lates the extracellular matrix remodeling in the mesangial 
cells[29]. It is plausible that diabetes mediated oxidative 
stress activates TGF-β and could play a role in the devel-
opment of  the characters of  diabetic nephropathy[20,30]. 
In the case of  signaling kinases, protein kinase C (PKC) 
is considered to be the central culprit involved diversely 
to the pathogenesis of  diabetic nephropathy[31]. Evi-
dently, involvement of  PKC is further confirmed by the 
treatment with ruboxistaurin, a specific PKC inhibitor, 
which prevented the development of  diabetes-induced 
nephropathy by reducing the increased mRNA expres-
sion of  TGF-β1 and fibronectin[32]. Therefore, in diabe-

tes, NADPH oxidase acts as an engine for the generation 
of  oxidative stress and oxidative stress mediated TGF-β 
initiates secondary microvascular complications.

Dyslipidemia is a condition associated with hypertri-
glyceridemia, elevated LDL levels and decreased HDL 
levels[10]. The association between hyperglycemia and 
lipid accumulation is a hall mark of  diabetic nephropa-
thy. Insulin resistance in diabetes is the initial step in the 
formation of  dyslipidemia[33]. Furthermore, dyslipidemia 
has been suggested as an independent risk factor for 
the development and progression of  diabetic nephropa-
thy[34]. This indicates that insulin resistance/hyperin-
sulinemia is a primary cause of  diabetic dyslipidemia. 
Thus, patients with diabetic nephropathy often have 
multiple lipoprotein abnormalities[35]. However, two key 
mechanisms explain the association between diabetes 
mellitus and hyperlipidemia. Firstly, insulin deficiency 
downregulates the LPL, an enzyme involved in the hy-
drolysis and clearance of  TGs from the circulation[36]. 
Secondly, insulin has an inhibitory action on 3-hydroxy-
3-methyl-glutaryl-Co-A (HMG-COA) reductase, a key 
rate limiting enzyme involved in the synthesis of  choles-
terol[37]. Jointly, it is possible that hypoinsulinemia during 
long term diabetes downregulates LPL and activates the 
HMG-COA reductase pathway and might play a role 
in excessive lipid accumulation during early stages of  
diabetic nephropathy. The strong correlation between 
diabetic-endothelial dysfunction and nephropathy has 
been demonstrated in various studies[5,38,39]. Worthy of  
note is that increased concentrations of  free fatty acids 
impairs NO production by downregulating eNOS and 
decreases endothelial dependent vasodilation[40,41]. The 
diabetic hyperlipidemia-induced VED is characterized 
by reduced activation of  eNOS, reduced generation and 
bioavailability of  NO[5,39]. Moreover, the accumulation of  
renal lipid and generation of  ROS is collectively involved 
in the pathogenesis of  diabetic nephropathy[42]. Support-
ing this contention, Chen et al[43] observed that both na-
tive and oxidized LDL enhances superoxide generation 
in isolated diabetic rat glomeruli. Furthermore, a recent 
study certainly emphasized that, in diabetes, an excess 
amount of  a variety of  lipid progressively affects glo-
merular and tubular function[44]. Likewise, diabetic dys-
lipidemia is often associated with glomerular, mesangial 
and tubulointerstitial injury[43]. Additionally, it has been 
suggested that an increased expression of  SREBP-1 in 
diabetic mice could play a central role in renal lipid ac-
cumulation, glomerulosclerosis and proteinuria[15]. Thus, 
growing evidence suggests that hyperlipidemia is consid-
ered a serious risk factor involved in the pathogenesis of  
diabetic renal diseases.

TGF-β PLAYS AN ABYSMAL ROLE IN 
PATHOGENESIS OF NEPHROPATHY: A 
PROFOUND LOOK
Although precise mechanisms involved in diabetes-asso-
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ciated renal complications are not clear, oxidative stress 
and dyslipidemia could play a key role in elevating renal 
complications. As many factors contribute to the induc-
tion and progression of  diabetic nephropathy, the as-
sociation between plasma levels of  TGF-β (pro-sclerotic 
cytokine) and diabetes is considered an independent and 
major determinant of  the progression of  renal disease in 
patients with diabetes mellitus[8]. Various studies strongly 
suggested that high lipids could induce renal injury by 
stimulating TGF-β. This contention is supported by the 
fact that TGF-β is a fibrogenic cytokine and seems to 
promote extracellular matrix accumulation, a cardinal 
structural feature of  the kidney in diabetic mice[45]. Fur-
thermore, TGF-β appears to be an important mediator 
in oxidized LDL-induced mesangial matrix expansion, 
which changes the architecture of  the kidney[46]. The 
strong correlation between hyperglycemia and TGF-β 
has been demonstrated as high-content glucose medium 
increases TGF-β mRNA expression glomeruli[47] and 
diabetic smokers are noted to have increased serum con-
centration of  TGF-β[8,48]. Additionally, TGF-β stimulates 
the expression of  connective tissue growth factor, which 
promotes glomerulosclerosis, renal deposition of  ex-
tracellular matrix and hypertrophy of  mesangial cells[49]. 
Furthermore, abnormal regulation of  the renin angio-
tensin system is directly involved in the pathogenesis of  
diabetic nephropathy. It has been noted that angiotensin-
Ⅱ (Ang-Ⅱ) increases the expression of  TGF-β, which 
stimulates the synthesis of  the mesangial matrix[50]. Thus, 
it may be concluded that long-term hyperglycemia el-
evates Ang-Ⅱ, which increases the expression of  TGF-β 
and plays a pathological role in the induction of  diabetic 
nephropathy.

Ordinarily, in diabetes, AGEs are a heterogeneous 
compound formed non-enzymatically through an inter-
action of  reducing sugar with an amino group of  pro-
teins and lipids[51]. Various studies have reported that the 
renal accumulation of  AGEs is implicated in the patho-
genesis of  diabetic vascular complications[52]. As well, 
AGEs are noted to upregulate the expression of  TGF-β 
and collagen, which accumulates particularly in glomeru-
lar and extracellular matrix, thus provoking glomerular 
hypertrophy in diabetes [53]. 

A further step towards the pathogenesis of  diabetic 
nephropathy is involvement of  Rho-kinase, a serine/
threonine kinase noted to promote diabetic nephropa-
thy[54]. This notation is further supported by the fact that 
the Rho-kinase plays a pivotal role in the pathogenesis 
of  VED, which again complicates the condition of  dia-
betic secondary complications[55]. Apparently, diabetes 
mediated activation of  Rho-kinase contributes to the 
induction of  glomerulosclerosis and upregulation of  
glomerular matrix deposition in rats[54,55]. This fact is 
further confirmed by treatment with fasudil, a selective 
Rho-kinase inhibitor, which markedly attenuated the 
development of  diabetic nephropathy by inhibiting the 
renal upregulation of  TGF-β, connective tissue growth 
factor and NADPH oxidase in rats[56]. Therefore, TGF-β 

is a marked contributor in the pathogenesis of  diabetic 
nephropathy.

PARTICIPATION OF SMOKING 
MEDIATED OXIDATIVE STRESS IN 
THE DEVELOPMENT OF DIABETIC 
NEPHROPATHY
As there is no prior information about the role of  nico-
tine as a powerful fierce molecule, many efforts entail a 
conceptual shift to understand the health hazards of  nic-
otine. Smoking has been noted to develop large amount 
of  free radicals and pro-oxidant molecules, exerting an 
adverse influence on endothelial cells through an inhibi-
tory effect on components of  the L-arginine-nitric oxide 
pathway[54,55]. Furthermore, nicotine plays a key role in 
the pathogenesis of  endothelial dysfunction by decreas-
ing the generation and bioavailability of  NO and down-
regulating the expression of  eNOS[7,56]. Thus, smoking 
mediated high oxidative stress and low availability of  
eNOS may engender VED, which is the initial step in 
the pathogenesis of  glomerulosclerosis in diabetic ne-
phropathy. In recent years, the increasing prevalence of  
smoking has been pinpointed as a progression factor for 
diabetic nephropathy. The chronic administration of  nic-
otine is noted to increase lipid peroxidation products (cell 
membrane phospholipids) in serum and various tissues 
of  rat. The concentration of  these products was found 
to be inversely proportional to activity of  endogenous 
antioxidants like catalase and superoxide dismutase[57]. 
Accordingly, breakdown of  membrane phospholipids by 
lipid peroxidation is expected to play an important role 
in the vascular pathogenesis. Recently, David et al tested 
the hypothesis that exposure to tobacco smoke (nicotine) 
in db/db mice worsens the progression of  diabetic ne-
phropathy by increasing the severity of  ECM deposition 
and increasing the expression of  the profibrotic cytokine 
TGF-β. The knowledge about the involvement of  ROS 
in the pathogenesis of  vascular disease should facilitate 
the development of  therapies that directly target ROS 
production to prevent microvascular complications.

During smoking, nicotine is fiercely worked for the 
development of  oxidative stress. Nicotine has been 
noted to increase generation of  superoxide by activa-
tion of  NADPH oxidase and PKC, which ultimately 
damages the kidney[23,31,58]. The destructive role of  PKC 
is manifested as inhibition of  PKC by calphostin C, a 
potent PKC inhibitor, which prevents nicotine-induced 
mesangial cell proliferation and fibronectin production. 
It suggests that nicotine-mediated growth promoting 
effects is through activation of  NADPH oxidase and 
PKC, probably ROS as second messengers[3,59,60]. Thus, 
the inhibition of  PKC halts the progression of  nicotine-
mediated renal damage and decreases NADPH oxidase 
mediated ROS generation. One unique mechanism 
explains that smoking stimulates lipid accumulation by 
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increasing expression of  SREBP-1, which is responsible 
for increasing the synthesis of  TGs and cholesterol, 
which again sidewise contributes in the pathogenesis of  
nephropathy[16]. The possible mechanisms involved in 
smoking-induced oxidative stress mediated renal damage 
in diabetes have been depicted in Figure 1.

PARTICIPATION OF SMOKING 
MEDIATED HYPERLIPIDEMIA IN 
DEVELOPMENT OF DIABETIC 
NEPHROPATHY
It is very difficult to understand smoking-mediated 
lipid wiggles because nicotine has intricate mechanisms; 
however, serial analysis may explore its role in the de-
velopment of  dyslipidemia in diabetes. Smoking has 
numerous atrocious effects, which initially pertain to the 
pathogenesis of  microvascular and subsequently renal 
complications. Cigarette smoking is positively associated 
with higher serum concentrations of  TGs and LDL and 
lower serum concentrations of  HDL[13]. In fact, nicotine 
causes an impairment of  LPL and increases plasma lipid 
concentration[11]. Elegant studies show that nicotine-me-
diated hyperlipidemia is considered to be an underlying 
mechanism involved in the nicotine-induced endothelial 
dysfunction[6,7]. Especially, nicotine plays a key role in 
induction of  VED by decreasing the generation and bio-
availability of  NO and downregulating the expression of  
eNOS[7,34,59]. Nicotine is also noted to induce glomerulo-
sclererosis and provokes reno-vascular pathogenesis[12]. 
Thus, smoking endorses dyslipidemia and worsens the 
severity of  nephropathy in diabetes. After pondering 
over the above discussion, it can be said that the deleteri-
ous effect of  cigarette smoking, such as renal damage, is 

through dyslipidemia. Taken together, through direct or 
indirect multiple mechanisms, smoking in diabetes has 
been regarded as a major risk factor in the induction and 
progression of  oxidative stress and dyslipidemia medi-
ated renal damage (Figure 2).

COMRADESHIP BETWEEN SMOKING 
AND DIABETIC NEPHROPATHY: 
EXACERBATION OF NEPHROPATHY?
Various epidemiological studies have explored potential 
mechanisms that could be responsible for smoking-
mediated progression diabetes nephropathy. The main 
clinical associations that frequently precede diabetic ne-
phropathy are hypertension and poor glycemic control. 
A recent gender-specific, dose-response relationships 
study demonstrated that smoking is a significant risk 
factor for future kidney failure[61]. Clinical hallmarks of  
diabetic nephropathy include a progressive increase in 
urinary albumin excretion and a decline in glomerular fil-
tration rate. Diabetes and smoking concurrently activated 
cellular pathways uncompromisingly and participate in 
step wise progression of  nephropathy[21,57]. The frequent 
microalbuminuria is more commonly noted in diabetic 
smokers than non smokers with nephropathy[4,60]. Simi-
larly, the rate of  loss of  measured creatinine clearance 
was noted to be higher in smokers compared to non-
smoking diabetic patients[61]. Intriguingly, smoking also 
increases the risk of  subjects to develop type Ⅱ diabe-
tes, possibly because it increases insulin resistance[62]. 
Furthermore, a growing body of  evidence compared 
non-diabetic smokers and non-smokers and found that 
smokers were more insulin resistant and hyperinsulin-
emic[63]. Furthermore, smoking impaired insulin action, 
mainly due to a lowering of  peripheral glucose uptake[64]; 

thus, smoking is a key risk factor for the subject to de-
velop type Ⅱ diabetes and secondary complications. 
Preclinical studies further support the fact that smoking 
accelerates diabetic nephropathy. It is worth mention-
ing that administration of  nicotine develops glomerular 
hypertrophy and mesangial expansion and increases high 
glucose mediated ROS generation through activation of  
NADPH oxidase and aggravates nephropathy in diabetic 
mice[3]. In addition, exposure to tobacco smoke in db/db 
mice significantly increases urinary albumin excretion, 
mesangial expansion and extracellular matrix deposition 
and worsens diabetic nephropathy[65].

Despite this, various endogenous molecules may be 
associated with smoking and could partially contribute 
to the pathogenesis of  microvascular complications in 
diabetes, which are yet poorly understood. Importantly, 
it has been noted that smoking increases serum concen-
tration of  Ang-Ⅱ and TGF-β1 in diabetic patients[8]. 
Along with this, it has been noted that cessation of  
smoking downregulates TGF-β1 when compared with 
diabetic non-smokers[66]. Prominently, cigarette smoking 
enhances the accumulation of  AGEs, which crosslink 

↑SREBP

Smoking

↑PKC↑TGF-β eNOS downregulation

↑NADPH oxidase
↓Generation and 
bioavailability of NO

VED

Diabetic nephropathy

↑Oxidative stress

Figure 1  Possible mechanism involved in smoking-induced oxidative 
stress. TGF-β: Transforming growth factor β; PKC: Protein kinase C; eNOS: 
Endothelial nitric oxide synthase; NO: Nitric oxide; SREBP: Sterol regulating 
element binding protein; VED: Vascular endothelial dysfunction. 
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with collagen to promote vascular complications[67] and 
also increases production of  TGF-β in aortic endothelial 
cells[48], indicating the strong relationship between smok-
ing, AGEs and TGF-β in the pathogenesis of  vascular 
complications. As described above, accumulation of  
AGEs by diabetes and smoking is directly proportional 
to expression of  TGF-β, which is finally involved in 
reno-vascular complications. Taken together, available 
evidence indicates that accumulation of  AGEs, either 
by diabetes or by smoking, promotes an appalling role 
for TGF-β in the progression of  nephropathy. Further-
more, crucial involvement of  Rho-kinase provides a suit-
able target system to understand the basic pathways of  
smoking-mediated reno-vascular disease. It is interesting 
to note that treatment with fasudil, a Rho-kinase inhibi-

tor, significantly prevented the smoking-induced impair-
ment in endothelium-dependent vasodilation[68], which 
suggests the detrimental involvement of  Rho-kinase in 
nicotine-induced endothelial dysfunction. The broad 
utility of  these approaches is to target these endogenous 
molecules to attenuate smoking-mediated reno-vascular 
damage. The availability of  this comprehensive data al-
lows accelerating development of  active compounds 
and strategies for intervention at various stages in the 
development of  diabetic nephropathy. Thus, smoking 
mediated insulin resistance, frequent microalbuminuria, 
mesangial expansion and glomerular hypertrophy indi-
cate the detrimental effects of  smoking in development 
and progression of  diabetic nephropathy (Figure 3).

Therefore, from the above critical discussion and 

Smoking

Impairment 
in LPL activity

↑LDL, VLDL ↓HDL ↑OX-LDL ↑SREBP ↑Free fatty acid

Dyslipidemia

eNOS downregulation

↓Generation and bioavailability of NO

VED

Diabetic nephropathy

Figure 2  Possible mechanisms involved in smoking-induced dyslipidemia. eNOS: Endothelial nitric oxide synthase; NO: Nitric oxide; SREBP: Sterol regulating 
element binding protein; VED: Vascular endothelial dysfunction; LDL: Low density lipoprotein; VLDL: Very low density lipoprotein; HDL: High density lipoprotein; LPL: 
Lipoprotein lipase.

Figure 3  Various endogenous modulators contribute to renal complications. AGEs: Advance glycation end products; ROS: Reactive oxygen species; GLUT: 
Glucose transporters; PKC: Protein kinase C; NADPH oxidase: Nicotinamide adenine dinucleotide phosphate-oxidase.

Angiotensin Ⅱ AGEs Glucose

Plasma membrane PKC NADPH oxidase

O2

GLUTCytosole

ROS

Rho-kinase

G

Polyol pathway

ROS

ROS

ROS

ROS

ROS

Transforming growth factor-β
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Rho

Chakkarwar VA. Smoking exacerbates diabetic nephropathy



192 December 15, 2012|Volume 3|Issue 12|WJD|www.wjgnet.com

pondering over accumulating evidence, it may be un-
derstood that oxidative stress and hyperlipidemia are 
key players in the pathogenesis of  diabetic nephropathy. 
Furthermore, smoking provokes oxidative stress and 
dyslipidemia upregulates TGF-β in diabetes, which wors-
ens the severity of  nephropathy. Simultaneously, Ang-Ⅱ, 
AGEs and Rho/Rho-kinase upregulate TGF-β, which 
plays a pathogenic role in the induction of  renal hyper-
trophy and progression of  diabetic nephropathy. Thus, 
it may be concluded that chronic cigarette smoking may 
exacerbate diabetic nephropathy.

PHARMACOLOGICAL INTERVENTIONS 
TO TREAT DIABETIC SMOKERS WITH 
NEPHROPATHY
Over several decades, there have been extensive inves-
tigations concerning the development of  novel target 
sites and thus numerous agents have been explored for 
therapeutic potential in treating diabetic nephropathy. 
Smoking is an additional factor directly involved in the 
progression of  nephropathy. Thus, diabetic smokers 
are more complicated to treat than non smokers. Yet, a 
promising and effective therapy has not been deduced 
for these complicated diseases. Hyperglycemia and ciga-
rette smoking mainly arouses oxidative stress and hyper-
lipidemia. Hence, strict glycemic control and smoking 
secession remains the cornerstone of  the current stan-
dard therapeutic approaches and may help to ameliorate 
vascular complications. 

The drugs currently used to treat diabetic nephropa-
thy mainly target the hypertensive component, such 
as drugs that interrupt the renin-angiotensin system, 
angiotensin-converting enzyme (ACE) inhibitors and 
Ang-Ⅱ receptor antagonists, and are currently consid-
ered first-line treatments for diabetic nephropathy. In 
particular, the use of  a different class of  drugs, such as 
ACE inhibitors captopril, lisinopril, fosinopril, benaza-
pril and quinapril, and AT-Ⅰ receptor blockers, such as 
losartan, olmesartan and irbesartan, have been observed 
in numerous experimental and clinical studies to have 
therapeutic potential in the treatment of  diabetic ne-
phropathy[69-77]. Captopril was the first drug approved by 
Food and Drug Administration in the nineties for the 
treatment of  diabetic nephropathy[48].

Cigarette smoking is major fuel for the generation of  
oxidative stress. As mentioned in the preceding section, 
NADHP oxidase is a master enzyme involved in ROS 
formation. Therefore, a superior approach to ameliorate 
oxidative stress is to inhibit the culprit enzyme NADHP 
oxidase. This contention is further supported by the fact 
that apocynin restores renal function by decreasing the 
expression of  collagen-1, mesangial expansion and albu-
minuria diabetic rats[78,79]. The evidence presented above 
provides a strong rationale for the use of  pharmacologi-
cal inhibitors of  NADPH oxidase to combat oxidative 
stress and its associated vascular pathologies. The cur-

rent research interest is to treat diabetic nephropathy by 
use of  a fibrates class of  interventions, such as fenofi-
brate, bezafibrate and gemfibrozil, well-known hypolip-
idemic agents[80-82]. Recently, in our laboratory we have 
shown that treatment with fenofibrate and concurrent 
administration of  benfotiamine, a transketolase activa-
tor, prevented the development of  diabetic nephropathy. 
This renoprotective effect of  fenofibrate was associated 
with its actions on reducing the circulating lipids and 
oxidative stress[5]. Furthermore, fenofibrate was shown 
to ameliorate nicotine-induced endothelial dysfunc-
tion by reducing hyperlipidemia and oxidative stress in 
rats[7]. Thus, the available evidence says that the use of  
fenofibrate attenuates diabetes and nicotine-mediated 
hyperlipidemia and oxidative stress and ameliorates en-
dothelial dysfunction and nephropathy. Therefore, use 
of  fenofibrate is the most logical pharmacological inter-
vention to treat smoking mediated progression of  dia-
betic nephropathy, like killing two birds with one stone. 
From the above discussion, it may be concluded that 
fibrate really preserves kidney function in diabetes. On 
other hand, cyclohexenonic long-chain fatty alcohol (N-
hexacosanol) was noted to reduce significantly TGF-β 
and concentrations of  PKC, which ameliorate the dia-
betic-induced tubulointerstitial pathological changes[83]. 
Furthermore, N-hexacosanol was also noted to reduce 
diabetes-mediated alteration in eNOS, which attenuates 
glomerulosclerosis[84].

 Taken together, these studies suggest that these 
drugs may provide supportive therapeutic advance-
ment for treating diabetic smokers with nephropathy. 
However, further studies are needed to illuminate their 
therapeutic potential in treating diabetic smokers with 
vascular pathogenesis.

CONCLUSION
Smoking is ubiquitous in patients with diabetes mellitus. 
Smoking and hyperglycemia increase oxidative stress and 
lipid accumulation, which upregulates TGF-β, accumu-
lates AGEs, decreases nitric oxide production, which 
leads to thickening of  glomerular basement membrane 
and mesangial expansion, with progression in glomerulo-
sclerosis and interstitial fibrosis, and results in nephropa-
thy. It is emerging from above that smoking is a hitherto 
major fuel to aggravate diabetic nephropathy.

ACKNOWLEDGEMENT
I wish to express my gratitude to my father, Mr. Arvind 
S. Chakkarwar, for his praiseworthy enthusiastic support 
for writing this article. I also express my thankfulness to 
my wife, Vaishali V Chakkarwar, for her constant moral 
support.

REFERENCES
1 Christiansen JS. Cigarette smoking and prevalence of mi-

Chakkarwar VA. Smoking exacerbates diabetic nephropathy



193 December 15, 2012|Volume 3|Issue 12|WJD|www.wjgnet.com

croangiopathy in juvenile-onset insulin-dependent diabetes 
mellitus. Diabetes Care 1978; 1: 146-149

2 Rask-Madsen C, King GL. Mechanisms of Disease: endo-
thelial dysfunction in insulin resistance and diabetes. Nat 
Clin Pract Endocrinol Metab 2007; 3: 46-56

3 Hua P, Feng W, Ji S, Raij L, Jaimes EA. Nicotine worsens the 
severity of nephropathy in diabetic mice: implications for 
the progression of kidney disease in smokers. Am J Physiol 
Renal Physiol 2010; 299: F732-F739

4 Chase HP, Garg SK, Marshall G, Berg CL, Harris S, Jackson 
WE, Hamman RE. Cigarette smoking increases the risk of 
albuminuria among subjects with type I diabetes. JAMA 
1991; 265: 614-617

5 Balakumar P, Chakkarwar VA, Singh M. Ameliorative 
effect of combination of benfotiamine and fenofibrate in 
diabetes-induced vascular endothelial dysfunction and ne-
phropathy in the rat. Mol Cell Biochem 2009; 320: 149-162

6 Balakumar P, Sharma R, Singh M. Benfotiamine attenuates 
nicotine and uric acid-induced vascular endothelial dys-
function in the rat. Pharmacol Res 2008; 58: 356-363

7 Chakkarwar VA. Fenofibrate attenuates nicotine-induced 
vascular endothelial dysfunction in the rat. Vascul Pharmacol 
2011; 55: 163-168

8 Esmatjes E, Flores L, Lario S, Clària J, Cases A, Iñigo P, 
Campistol JM. Smoking increases serum levels of trans-
forming growth factor-beta in diabetic patients. Diabetes 
Care 1999; 22: 1915-1916

9 Forbes JM, Coughlan MT, Cooper ME. Oxidative stress as 
a major culprit in kidney disease in diabetes. Diabetes 2008; 
57: 1446-1454

10 Mooradian AD. Dyslipidemia in type 2 diabetes mellitus. 
Nat Clin Pract Endocrinol Metab 2009; 5: 150-159

11 Freeman DJ, Caslake MJ, Griffin BA, Hinnie J, Tan CE, 
Watson TD, Packard CJ, Shepherd J. The effect of smoking 
on post-heparin lipoprotein and hepatic lipase, cholesteryl 
ester transfer protein and lecithin: cholesterol acyl transfer-
ase activities in human plasma. Eur J Clin Invest 1998; 28: 
584-591

12 Lhotta K, Rumpelt HJ, König P, Mayer G, Kronenberg F. 
Cigarette smoking and vascular pathology in renal biopsies. 
Kidney Int 2002; 61: 648-654

13 Craig WY, Palomaki GE, Haddow JE. Cigarette smoking 
and serum lipid and lipoprotein concentrations: an analysis 
of published data. BMJ 1989; 298: 784-788

14 Baggio B, Budakovic A, Dalla Vestra M, Saller A, Bruseghin 
M, Fioretto P. Effects of cigarette smoking on glomerular 
structure and function in type 2 diabetic patients. J Am Soc 
Nephrol 2002; 13: 2730-2736

15 Wang Z, Jiang T, Li J, Proctor G, McManaman JL, Lucia S, 
Chua S, Levi M. Regulation of renal lipid metabolism, lipid 
accumulation, and glomerulosclerosis in FVBdb/db mice 
with type 2 diabetes. Diabetes 2005; 54: 2328-2335

16 Yuan H, Shyy JY, Martins-Green M. Second-hand smoke 
stimulates lipid accumulation in the liver by modulating 
AMPK and SREBP-1. J Hepatol 2009; 51: 535-547

17 Bohlender JM, Franke S, Stein G, Wolf G. Advanced glyca-
tion end products and the kidney. Am J Physiol Renal Physiol 
2005; 289: F645-F659

18 Peng F, Wu D, Gao B, Ingram AJ, Zhang B, Chorneyko K, 
McKenzie R, Krepinsky JC. RhoA/Rho-kinase contribute to 
the pathogenesis of diabetic renal disease. Diabetes 2008; 57: 
1683-1692

19 Singh DK, Winocour P, Farrington K. Oxidative stress in 
early diabetic nephropathy: fueling the fire. Nat Rev Endo-
crinol 2011; 7: 176-184

20 Pacher P, Obrosova IG, Mabley JG, Szabó C. Role of nitrosa-
tive stress and peroxynitrite in the pathogenesis of diabetic 
complications. Emerging new therapeutical strategies. Curr 
Med Chem 2005; 12: 267-275

21 Brownlee M. Biochemistry and molecular cell biology of 
diabetic complications. Nature 2001; 414: 813-820

22 Krishan P, Chakkarwar VA. Diabetic nephropathy: Aggres-
sive involvement of oxidative stress. J Pharm Educ Res 2011; 
2: 35-41

23 Chakkarwar VA, Krishan Pawan. Combating NADPH 
oxidase in Diabetic Nephropathy: Most logical therapeutic 
target. JAPHR 2011; 1: 39-45

24 Chen HC, Guh JY, Shin SJ, Tsai JH, Lai YH. Reactive oxy-
gen species enhances endothelin-1 production of diabetic 
rat glomeruli in vitro and in vivo. J Lab Clin Med 2000; 135: 
309-315

25 Palm F. Intrarenal oxygen in diabetes and a possible link to 
diabetic nephropathy. Clin Exp Pharmacol Physiol 2006; 33: 
997-1001

26 Griendling KK, Minieri CA, Ollerenshaw JD, Alexander 
RW. Angiotensin II stimulates NADH and NADPH oxidase 
activity in cultured vascular smooth muscle cells. Circ Res 
1994; 74: 1141-1148

27 Gorin Y, Block K, Hernandez J, Bhandari B, Wagner B, 
Barnes JL, Abboud HE. Nox4 NAD(P)H oxidase mediates 
hypertrophy and fibronectin expression in the diabetic kid-
ney. J Biol Chem 2005; 280: 39616-39626

28 Ishigaki N, Yamamoto T, Shimizu Y, Kobayashi K, Yatoh 
S, Sone H, Takahashi A, Suzuki H, Yamagata K, Yamada N, 
Shimano H. Involvement of glomerular SREBP-1c in dia-
betic nephropathy. Biochem Biophys Res Commun 2007; 364: 
502-508

29 Baricos WH, Cortez SL, Deboisblanc M, Xin S. Transform-
ing growth factor-beta is a potent inhibitor of extracellular 
matrix degradation by cultured human mesangial cells. J 
Am Soc Nephrol 1999; 10: 790-795

30 Lee HB, Yu MR, Yang Y, Jiang Z, Ha H. Reactive oxygen 
species-regulated signaling pathways in diabetic nephropa-
thy. J Am Soc Nephrol 2003; 14: S241-S245

31 Sasase T. PKC-A target for treating diabetic complications. 
Drugs Fut 2006; 31: 503-511

32 Koya D, Haneda M, Nakagawa H, Isshiki K, Sato H, Maeda 
S, Sugimoto T, Yasuda H, Kashiwagi A, Ways DK, King GL, 
Kikkawa R. Amelioration of accelerated diabetic mesangial 
expansion by treatment with a PKC beta inhibitor in diabet-
ic db/db mice, a rodent model for type 2 diabetes. FASEB J 
2000; 14: 439-447

33 Nogueira JP, Brites FD. Role of enterocytes in dyslipidemia 
of insulin-resistant states. Endocrinol Nutr 2012 Aug 28 [Epub 
ahead of print]

34 Wiggin TD, Sullivan KA, Pop-Busui R, Amato A, Sima AA, 
Feldman EL. Elevated triglycerides correlate with progres-
sion of diabetic neuropathy. Diabetes 2009; 58: 1634-1640

35 Shoji T, Emoto M, Kawagishi T, Kimoto E, Yamada A, 
Tabata T, Ishimura E, Inaba M, Okuno Y, Nishizawa Y. 
Atherogenic lipoprotein changes in diabetic nephropathy. 
Atherosclerosis 2001; 156: 425-433

36 Taskinen MR. Hyperlipidaemia in diabetes. Baillieres Clin 
Endocrinol Metab 1990; 4: 743-775

37 Sevak AR, Goyal RK. Effects of chronic treatment with 
lisinopril on cardiovascular complications in streptozotocin 
diabetic and DOCA hypertensive rats. Pharmacol Res 1996; 
34: 201-209

38 Prabhakar S, Starnes J, Shi S, Lonis B, Tran R. Diabetic ne-
phropathy is associated with oxidative stress and decreased 
renal nitric oxide production. J Am Soc Nephrol 2007; 18: 
2945-2952

39 Balakumar P, Chakkarwar VA, Krishan P, Singh M. Vas-
cular endothelial dysfunction: a tug of war in diabetic ne-
phropathy? Biomed Pharmacother 2009; 63: 171-179

40 Steinberg HO, Tarshoby M, Monestel R, Hook G, Cronin J, 
Johnson A, Bayazeed B, Baron AD. Elevated circulating free 
fatty acid levels impair endothelium-dependent vasodila-

Chakkarwar VA. Smoking exacerbates diabetic nephropathy



194 December 15, 2012|Volume 3|Issue 12|WJD|www.wjgnet.com

tion. J Clin Invest 1997; 100: 1230-1239
41 Kim CS, Sohn EJ, Kim YS, Jung DH, Jang DS, Lee YM, Kim 

DH, Kim JS. Effects of KIOM-79 on hyperglycemia and dia-
betic nephropathy in type 2 diabetic Goto-Kakizaki rats. J 
Ethnopharmacol 2007; 111: 240-247

42 Dominguez JH, Tang N, Xu W, Evan AP, Siakotos AN, 
Agarwal R, Walsh J, Deeg M, Pratt JH, March KL, Monnier 
VM, Weiss MF, Baynes JW, Peterson R. Studies of renal 
injury III: lipid-induced nephropathy in type II diabetes. 
Kidney Int 2000; 57: 92-104

43 Chen HC, Tan MS, Guh JY, Tsai JH, Lai YL. Native and oxi-
dized low-density lipoproteins enhance superoxide produc-
tion from diabetic rat glomeruli. Kidney Blood Press Res 2000; 
23: 133-137

44 Rutledge JC, Ng KF, Aung HH, Wilson DW. Role of tri-
glyceride-rich lipoproteins in diabetic nephropathy. Nat Rev 
Nephrol 2010; 6: 361-370

45 Ziyadeh FN, Hoffman BB, Han DC, Iglesias-De La Cruz 
MC, Hong SW, Isono M, Chen S, McGowan TA, Sharma 
K. Long-term prevention of renal insufficiency, excess 
matrix gene expression, and glomerular mesangial matrix 
expansion by treatment with monoclonal antitransforming 
growth factor-beta antibody in db/db diabetic mice. Proc 
Natl Acad Sci USA 2000; 97: 8015-8020

46 Ding G, van Goor H, Ricardo SD, Orlowski JM, Diamond 
JR. Oxidized LDL stimulates the expression of TGF-beta 
and fibronectin in human glomerular epithelial cells. Kidney 
Int 1997; 51: 147-154

47 Iwano M, Kubo A, Nishino T, Sato H, Nishioka H, Akai Y, 
Kurioka H, Fujii Y, Kanauchi M, Shiiki H, Dohi K. Quanti-
fication of glomerular TGF-beta 1 mRNA in patients with 
diabetes mellitus. Kidney Int 1996; 49: 1120-1126

48 Cucina A, Corvino V, Sapienza P, Borrelli V, Lucarelli M, 
Scarpa S, Strom R, Santoro-D’Angelo L, Cavallaro A. Nico-
tine regulates basic fibroblastic growth factor and trans-
forming growth factor beta1 production in endothelial cells. 
Biochem Biophys Res Commun 1999; 257: 306-312

49 Riser BL, Denichilo M, Cortes P, Baker C, Grondin JM, Yee 
J, Narins RG. Regulation of connective tissue growth factor 
activity in cultured rat mesangial cells and its expression in 
experimental diabetic glomerulosclerosis. J Am Soc Nephrol 
2000; 11: 25-38

50 Kagami S, Border WA, Miller DE, Noble NA. Angiotensin 
II stimulates extracellular matrix protein synthesis through 
induction of transforming growth factor-beta expression 
in rat glomerular mesangial cells. J Clin Invest 1994; 93: 
2431-2437

51 Bierhaus A, Hofmann MA, Ziegler R, Nawroth PP. AGEs 
and their interaction with AGE-receptors in vascular dis-
ease and diabetes mellitus. I. The AGE concept. Cardiovasc 
Res 1998; 37: 586-600

52 Schalkwijk CG, Miyata T. Early- and advanced non-
enzymatic glycation in diabetic vascular complications: the 
search for therapeutics. Amino Acids 2012; 42: 1193-1204

53 Yang CW, Vlassara H, Peten EP, He CJ, Striker GE, Striker 
LJ. Advanced glycation end products up-regulate gene 
expression found in diabetic glomerular disease. Proc Natl 
Acad Sci USA 1994; 91: 9436-9440

54 Gojo A, Utsunomiya K, Taniguchi K, Yokota T, Ishizawa S, 
Kanazawa Y, Kurata H, Tajima N. The Rho-kinase inhibitor, 
fasudil, attenuates diabetic nephropathy in streptozotocin-
induced diabetic rats. Eur J Pharmacol 2007; 568: 242-247

55 Shah DI, Singh M. Effect of fasudil on macrovascular disor-
der-induced endothelial dysfunction. Can J Physiol Pharma-
col 2006; 84: 835-845

56 Kikuchi Y, Yamada M, Imakiire T, Kushiyama T, Higashi K, 
Hyodo N, Yamamoto K, Oda T, Suzuki S, Miura S. A Rho-
kinase inhibitor, fasudil, prevents development of diabetes 
and nephropathy in insulin-resistant diabetic rats. J Endocri-

nol 2007; 192: 595-603
57 Ashakumary L, Vijayammal PL. Effect of nicotine on an-

tioxidant defence mechanisms in rats fed a high-fat diet. 
Pharmacology 1996; 52: 153-158

58 Luo HL, Zang WJ, Lu J, Yu XJ, Lin YX, Cao YX. The protec-
tive effect of captopril on nicotine-induced endothelial dys-
function in rat. Basic Clin Pharmacol Toxicol 2006; 99: 237-245

59 Ashakumary L, Vijayammal PL. Additive effect of alcohol 
and nicotine on lipid peroxidation and antioxidant defence 
mechanism in rats. J Appl Toxicol 1996; 16: 305-308

60 Jaimes EA, Tian RX, Raij L. Nicotine: the link between 
cigarette smoking and the progression of renal injury? Am J 
Physiol Heart Circ Physiol 2007; 292: H76-H82

61 Hallan SI, Orth SR. Smoking is a risk factor in the progres-
sion to kidney failure. Kidney Int 2011; 80: 516-523

62 Orth SR, Ogata H, Ritz E. Smoking and the kidney. Nephrol 
Dial Transplant 2000; 15: 1509-1511

63 Biesenbach G, Janko O, Zazgornik J. Similar rate of pro-
gression in the predialysis phase in type I and type II diabe-
tes mellitus. Nephrol Dial Transplant 1994; 9: 1097-1102

64 Orth SR, Ritz E, Schrier RW. The renal risks of smoking. 
Kidney Int 1997; 51: 1669-1677

65 Facchini FS, Hollenbeck CB, Jeppesen J, Chen YD, Reaven 
GM. Insulin resistance and cigarette smoking. Lancet 1992; 
339: 1128-1130

66 Attvall S, Fowelin J, Lager I, Von Schenck H, Smith U. 
Smoking induces insulin resistance--a potential link with 
the insulin resistance syndrome. J Intern Med 1993; 233: 
327-332

67 Obert DM, Hua P, Pilkerton ME, Feng W, Jaimes EA. Envi-
ronmental tobacco smoke furthers progression of diabetic 
nephropathy. Am J Med Sci 2011; 341: 126-130

68 Flores L, Vidal M, Abian J, Cases A, Campistol JM, Clària J, 
Lario S, Esmatjes E. The effects of smoking and its cessation 
on 8-epi-PGF2alpha and transforming growth factor-beta 1 
in Type 1 diabetes mellitus. Diabet Med 2004; 21: 285-289

69 Villablanca AC, McDonald JM, Rutledge JC. Smoking and 
cardiovascular disease. Clin Chest Med 2000; 21: 159-172

70 Iida H, Iida M, Takenaka M, Fukuoka N, Dohi S. Rho-
kinase inhibitor and nicotinamide adenine dinucleotide 
phosphate oxidase inhibitor prevent impairment of endo-
thelium-dependent cerebral vasodilation by acute cigarette 
smoking in rats. J Renin Angiotensin Aldosterone Syst 2008; 9: 
89-94

71 Ha H, Kim KH. Amelioration of diabetic microalbuminuria 
and lipid peroxidation by captopril. Yonsei Med J 1992; 33: 
217-223

72 Amann B, Tinzmann R, Angelkort B. ACE inhibitors im-
prove diabetic nephropathy through suppression of renal 
MCP-1. Diabetes Care 2003; 26: 2421-2425

73 Villa E, Rábano A, Ruilope LM, García-Robles R. Effects of 
cicaprost and fosinopril on the progression of rat diabetic 
nephropathy. Am J Hypertens 1997; 10: 202-208

74 Lv Y, Dong J, Niu X, Liu X. Renoprotective effect of benaz-
epril on diabetic nephropathy mediated by P42/44MAPK. J 
Huazhong Univ Sci Technolog Med Sci 2005; 25: 32-35

75 Blanco S, Vaquero M, Gómez-Guerrero C, López D, Egido J, 
Romero R. Potential role of angiotensin-converting enzyme 
inhibitors and statins on early podocyte damage in a model 
of type 2 diabetes mellitus, obesity, and mild hypertension. 
Am J Hypertens 2005; 18: 557-565

76 Singh R, Alavi N, Singh AK, Leehey DJ. Role of angiotensin 
II in glucose-induced inhibition of mesangial matrix degra-
dation. Diabetes 1999; 48: 2066-2073

77 Brenner BM, Cooper ME, de Zeeuw D, Keane WF, Mitch 
WE, Parving HH, Remuzzi G, Snapinn SM, Zhang Z, Sha-
hinfar S. Effects of losartan on renal and cardiovascular 
outcomes in patients with type 2 diabetes and nephropathy. 
N Engl J Med 2001; 345: 861-869

Chakkarwar VA. Smoking exacerbates diabetic nephropathy



195 December 15, 2012|Volume 3|Issue 12|WJD|www.wjgnet.com

78 Pugsley MK. The angiotensin-II (AT-II) receptor blocker 
olmesartan reduces renal damage in animal models of hy-
pertension and diabetes. Proc West Pharmacol Soc 2005; 48: 
35-38

79 Lewis EJ, Hunsicker LG, Clarke WR, Berl T, Pohl MA, 
Lewis JB, Ritz E, Atkins RC, Rohde R, Raz I. Renoprotective 
effect of the angiotensin-receptor antagonist irbesartan in 
patients with nephropathy due to type 2 diabetes. N Engl J 
Med 2001; 345: 851-860

80 Asaba K, Tojo A, Onozato ML, Goto A, Quinn MT, Fujita T, 
Wilcox CS. Effects of NADPH oxidase inhibitor in diabetic 
nephropathy. Kidney Int 2005; 67: 1890-1898

81 Nam SM, Lee MY, Koh JH, Park JH, Shin JY, Shin YG, Koh 
SB, Lee EY, Chung CH. Effects of NADPH oxidase inhibitor 

on diabetic nephropathy in OLETF rats: the role of reducing 
oxidative stress in its protective property. Diabetes Res Clin 
Pract 2009; 83: 176-182

82 Nagai T, Tomizawa T, Nakajima K, Mori M. Effect of bezaf-
ibrate or pravastatin on serum lipid levels and albuminuria 
in NIDDM patients. J Atheroscler Thromb 2000; 7: 91-96

83 Saito M, Kinoshita Y, Satoh I, Shinbori C, Kono T, Hanada 
T, Uemasu J, Suzuki H, Yamada M, Satoh K. N-hexacosanol 
ameliorates streptozotocin-induced diabetic rat nephropa-
thy. Eur J Pharmacol 2006; 544: 132-137

84 Okada S, Saito M, Kazuyama E, Hanada T, Kawaba Y, 
Hayashi A, Satoh K, Kanzaki S. Effects of N-hexacosanol on 
nitric oxide synthase system in diabetic rat nephropathy. 
Mol Cell Biochem 2008; 315: 169-177

S- Editor  Wen LL    L- Editor  Roemmele A    E- Editor  Xiong L

Chakkarwar VA. Smoking exacerbates diabetic nephropathy


