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Abstract

cause of CKD.

at higher risk for all-cause mortality.

Background Chronic kidney disease (CKD) affects 10% of the general population in Western countries. Currently,
CKD cannot be cured and there are only few strategies to prevent the onset of CKD, to reverse early stages of CKD,
and to prevent the progression of established CKD to end-stage kidney disease. Cigarette smoking is a preventable

Methods This narrative review analyses the cause—effect relationship between cigarette smoking and CKD and dis-
cusses the association of inhaled cadmium and smoking-induced kidney damage.

Results Cigarette smoking places individuals at risk for incident CKD. It accelerates the progression (decline in glo-
merular filtration rate, aggravation of proteinuria) of CKD to end-stage kidney disease (ESKD), and is associated

with shortened kidney transplant graft survival. These harmful effects on kidney function/structure are dependent

on the dose and duration of cigarette smoking. Smoking abstinence decreases the higher risk for proteinuria and CKD
progression. Inhaled cadmium may be the biologic link between cigarette smoking and kidney dysfunction. Recent
studies indicate that accumulation of cadmium in the blood mediates progression of CKD and places smokers

Conclusions Smoking cessation is an effective intervention to reduce the risk of onset and progression of CKD
as well as to reduce smoking-attributable morbidity and mortality.

Keywords Cigarette smoking, Renal tubular toxicity, Cadmium, Chronic kidney disease

Introduction

Chronic kidney disease (CKD) is defined by persistent
(more than 3 months) urine abnormalities, changes in
kidney structures, or reduction of the glomerular filtra-
tion rate. CKD encompasses a heterogeneous group
of disorders with considerably variable incidence and
prevalence. Clinical markers of functional and/or struc-
tural kidney damage, the rate of progression, and the late
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clinical presentation of patients depend on the underly-
ing cause and stage of CKD. CKD affects more than 10%
of the general adult populations with Western lifestyles
worldwide, especially patients with diabetes mellitus,
chronic arterial hypertension, and chronic glomerulone-
phritis. At present, there is no cure of progressive CKD.
The early identification of modifiable risk factors is desir-
able because it may offer the opportunity to slow the
progression rate and to reduce the high cardiovascular
morbidity and mortality associated with CKD [1, 2].

Kidney histological findings and urine protein excretion
patterns of active smokers

Observational studies found that active cigarette smok-
ing is an independent risk factor for the onset of CKD,
for accelerated progression of CKD to ESKD, or poorer
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graft survival after kidney transplantation [3—12]. There
appeared to be a dose—response relationship of cigarette
exposure and kidney functional decline. A higher num-
ber of pack years was associated with increased CKD
progression [13—15].

Renal biopsy specimens taken from cigarette smok-
ers showed a range of long-term changes with varying
degrees of glomerulosclerosis, ischemic glomeruli, inter-
stitial fibrosis and tubular atrophy, and arteriolar hya-
linosis [16], This broad spectrum of histologic findings
combined with initial renal hyperfiltration suggested that
cigarette smoking induced renal damage was primarily
the result of alterations of renal hemodynamics and its
sequelae on glomerular and tubular function /structure
[17-19]. However, the patterns of proteinuria in cigarette
smoking healthy individuals pointed to tubular damage
as an additional initiating mechanism of abnormal uri-
nary albumin and enzyme excretion—the hallmark of
incident smoking-associated CKD.

Hypothetical mechanisms of cigarette smoking-induced
kidney damage

The precise nature of the biologic connection of cigarette
smoking and renal damage is not well understood (and
beyond the scope of this narrative review).

Cigarette smoking contains thousands of often toxic
compounds, most of which have not been tested indi-
vidually. Of importance, the susceptibility of individuals
for smoking-induced kidney damage may vary. Undoubt-
edly, nicotine and cadmium (Cd) are well recognized
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nephrotoxins, but they are not the only ones. Nicotine
alters renal hemodynamics by vasoconstriction and
induces vascular endothelial cell dysfunction and small
vessel or microvascular damage. It causes podocyte dys-
function and glomerular fibrosis and, as a result, albumi-
nuria and progressive decline of glomerular filtration rate
[20]. Furthermore, chronic low Cd exposure in cigarette
smoke causes tubular toxicity. Metallothionein-bound Cd
is freely filtered by the glomerular membrane and reab-
sorbed by the proximal tubular cells. Smoking-associated
Cd exposure leads to accumulation of this nephrotoxin
in the renal cortex, and places diabetic patients at risk
for progression of CKD [21, 22]. Early evidence for Cd-
induced tubular toxicity are low-molecular-weight pro-
teinuria due to impaired endocytosis of filtered albumin
and the detection of enzymes in the urine. Simultaneous
exposure to low environmental cadmium and cigarette
smoking was associated with tubular and glomerular dys-
functions (Fig. 1) [23].

Current cigarette smoking and direct tubular injury

Chronic smoking-induced damage to the renal proxi-
mal tubular epithelium has been studied with urinary
enzymes as potential biomarkers of tubular toxicity. With
tubular injury, enzymes normally present in tubular cells
may be released into the lumen and will appear in the
urine. Clinical cross-sectional studies demonstrated that
urinary excretion of proximal tubular enzymes (beta-
hexaminidase, N-acetyl-beta-D-glucosaminidase, neutral
endopeptidase), and free filtered beta-2 microglobulin
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and retinol binding protein was higher in smoking indi-
viduals than in their nonsmoking counterparts [24-27].
Mounting data on tubular biomarkers challenged the
widespread notion that renal tubules are victims of
secondary injury. This concept shifted toward direct
renal tubular injury as a driving force for the progres-
sion of CKD. In response to injury, tubular epithelial
cells undergo structural and functional changes due to
inflammatory and fibrogenic cells, with the consequent
production of bioactive molecules that drive interstitial
inflammation and fibrosis.

Dose of cigarette smoking and clinical course of chronic
kidney disease
Observational studies assessing clinical characteristics as
potential accelerators of progression of autosomal domi-
nant polycystic kidney disease (ADPKD) reported that (a)
patients with established proteinuria (more than 300 mg/
day) had more pack years and a more severe aggressive
clinical course (larger renal volumes, lower creatinine
clearances) than their nonproteinuric counterparts [28]
and (b) patients with a history of severe smoking (high
number of pack years) had higher protein excretion rates
and a more rapid progression of ADPKD [29]. Investiga-
tions with experimental models of polycystic kidney dis-
ease corroborated these clinical observations. Exposure
of Pkdl-deficient cystic and noncystic mice to cigarette
smoke enhanced tubular cell proliferation and apop-
tosis and increased renal fibrosis. These effects were
more prominent in cystic than in noncystic mice [30].
Reproducible, highly controlled experimental models of
chronic kidney disease help to identify the cellular pro-
cesses that may contribute to disease progression. How-
ever, there are differences in smoking-induced kidney
damage between smoking polycystic mice and smoking
patients with adult polycystic kidney disease. Nonne-
phrotic proteinuria is present in a significant proportion
of smoking patients, but there are no data on urinary
protein analysis in mice models of polycystic kidney dis-
ease. The exact reason of proteinuria remains unknown
(methodological problems) but there are differences in
the progression of renal insufficiency (months versus
decades). ADPKD in humans causes damage primarily
to the proximal tubule while polycystic models demon-
strate damage primarily to the distal tubule. Finally, there
may be differences in the presence and severity of arterial
hypertension between humans and mice models.
Kanauchi evaluated the glomerular and tubulo-intersti-
tial changes in renal biopsy specimens from patients with
type 2 diabetes mellitus and assessed the association of
cigarette smoking and renal lesions [31]. Stepwise multi-
ple regression analyses identified smoking index, but not
duration of diabetes as independent risk factor for the
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severity of tubulo-interstitial lesions in smoking diabetic
patients.

In a prospective study in parallel group design with
matched groups, we compared the monthly decline
of creatinine clearance in 45 current cigarette smok-
ing patients (>1 pack/day) with early stages of various
glomerular and tubulo-interstitial CKDs with 45 non-
smoking patients matched for age, gender, cause, and
severity of CKD. Current cigarette smoking accelerated
the decline in excretory renal function in both etio-
logic subgroups of CKD patients. The harmful effects
were dose dependent, and more prominent in smok-
ing patients with tubulo-interstitial CKDs. In the step-
wise multiple regression analysis, only smoking and the
baseline creatinine clearance were statistically significant
factors for acceleration of progressive renal functional
deterioration [32].

Cessation of cigarette smoking and evolution of chronic
kidney disease

The concept of active cigarette smoking as an independ-
ent nephrotoxic factor is further fueled by the documen-
tation that the risk of new-onset CKD and accelerated
progression of various kidney disorders decreases with
time after smoking cessation.

In a prospective cohort study involving Korean patients
with various degrees of CKD, smoking was associated
with a significantly higher risk of worsening kidney func-
tion, particularly in patients with estimated glomerular
filtration rate (eGFR) values below 45 ml/min and pro-
teinuria (more than 1 g/day). The risk of adverse kidney
outcomes was incrementally increased in smoking CKD
patients with a higher number of cigarette pack years.
The progression of CKD was attenuated with increased
duration of smoking cessation [14].

The population-based Singapore Chinese healthy study
analyzed the risk of cigarette smoking induced kidney
failure [13]. A total of 674 cases of incident kidney fail-
ure occurred during the median follow up of 13.3 years.
Active male smokers had a significant increase in the
adjusted risk of kidney failure. There was a strong dose-
dependent association between the number of years
of smoking and kidney failure. The risk decreased with
prolonged smoking cessation (more than 10 years) since
baseline.

A cross-sectional study of Japanese men who had
undergone general health screening suggested that active
cigarette smoking might increase the prevalence of albu-
minuria and hyperfiltration. These early changes of CKD
might be reversed by smoking cessation [33].

The prevention of renal and vascular end-stage
disease(PREVEND) study included 7476 nondia-
betic participants. Active smoking was associated with
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albuminuria and abnormal renal function. However,
these associations were less pronounced or absent in for-
mer smokers [34].

There is mounting evidence that stopping active smok-
ing slowed accelerated progression of renal failure in pri-
mary renal diseases or ameliorated renal injury in type 2
diabetes [14, 15, 35].

Limitations of the epidemiologic associations of active
smoking and CKD

Currently, there is a lack of definitive proof for the asso-
ciation between cigarette smoking and kidney injury and
the efficacy of smoking cessation from large randomized
trials or well performed meta-analyses.

Most (but not all) studies assessing the association
between cigarette smoking and kidney injury suggested
a risk of smoking on the incidence and progression of
CKD, irrespective of the original nature of the underly-
ing kidney disease. Considerable heterogeneity across the
epidemiologic research may represent the most plausible
explanation of the controversial findings and make the
results of meta-analyses less robust [11]. There are dif-
ferent sources of heterogeneity: (a) clinical heterogene-
ity (differences associated with participants or patients
such as susceptibility to CKD, race, existence of other
risk factors for CKD); (b) methodological differences
such as prospective or retrospective study design, defini-
tion and classification of smoking habits (active smoker,
never smokers, ex-smokers), quantification of exposure
(pack years, duration of cigarette smoking) classification
of CKD (proteinuria, serum creatinine levels, eGFR),
duration of follow-up after cessation of smoking, pres-
ence of comorbidities, life style, health care system, and
medications; and (c) statistical heterogeneity (selection of
participants or patients, recall bias of exposure, control
of confounding by other renal risk factors, sample size).

Cadmium exposure and renal function deterioration
Exposure to cadmium poses a health risk for humans
and is a recognized risk factor for cancer, osteoporosis,
lung and hepatic damage, and chronic kidney damage.
The initial clinical sign of cadmium-induced renal lesions
is tubular proteinuria, usually detected as increased uri-
nary excretion of low-molecular-weight proteins (such as
[-2-microglobulin, or alpha-1 macroglobulin) or tubu-
lar enzymes such as N-acetyl-/p-glucaminidase (NAG).
Continuous exposure to cadmium leads to progressive
tubular dysfunction and secondary glomerular damage
with decreased glomerular filtration rate [36—39].
Barregard and coworkers determined kidney cadmium
concentrations and histopathology in kidneys from 109
healthy kidney donors [40]. The results of these investi-
gations suggested that even low environmental levels of
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cadmium can induce mild tubular atrophy. The amount
of tubular atrophy and interstitial fibrosis was increased
with active smoking.

Histopathologic evidence of tubular damage due
to cadmium exposure has been also demonstrated at
autopsy or in kidney biopsies in Japanese patients with
itai-itai disease (combination of severe renal tubular
damage and osteomalacia) [41]. These patients had expe-
rienced very high long-term environmental exposure to
cadmium from contaminated rice.

In general, the diagnostic usefulness of urinary cad-
mium excretion (total urinary cadmium excretion/24 h
or pg cadmium/g creatinine) is questionable. The recom-
mended threshold levels of tolerable monthly cadmium
intake (25 pg per body weight per month) or urinary
cadmium excretion (5.2 pg/g creatinine) do not guaran-
tee kidney protection [42, 43]. Clinical data from Japan
and China indicated that cadmium-induced renal dys-
function varied between subjects. Almost 50% of sub-
jects with high urinary cadmium excretion (>20 pg/g
creatinine) showed normal renal tubular function based
on normal urinary NAG excretion and urinary p-2-
microglobulin excretion rates. Renal tubular dysfunction
was only observed in 20% of subjects living in cadmium
polluted areas. Many factors such as patient demograph-
ics (age, gender), renal characteristics (urine flow rate,
GFR), and comorbidities affect urinary cadmium excre-
tion rates [44]. At present, only markers of tubular struc-
ture/function allow early prediction of cadmium-induced
renal tubular dysfunction.

Numerous experimental studies have focused on the
pathophysiology of cadmium-induced nephrotoxicity
and have identified inflammatory processes, oxidative
stress, mitochondrial dysfunction, disturbed endoplas-
mic reticulum homeostasis, and genotoxicity as key fac-
tors that lead to cell cycle arrest and eventual apoptosis
of glomerular or tubular epithelial cells and endothelial
cells. However, the data are still fragmentary, and the
complex pathogenesis of cadmium induced nephrotoxic-
ity remains to be established [45, 46].

Cadmium, smoking, and progressive diabetic nephropathy
Cigarette smoke contains more than 7000 often toxic
compounds, most of which have not been tested individ-
ually. Amongst them, cadmium is one of the key players
of the negative effects of cigarette smoke. Active heavy
smokers have significantly higher blood cadmium con-
centrations compared with nonsmokers. The prospective
long-term cohort study (median follow up 6 years) per-
formed in the Dutch Ziekenhuis Group Twente hospitals
investigated the hazards of blood cadmium concentration
and smoking status on renal function in patients with
mildly impaired renal function (mean eGFR at baseline
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69 +27 ml/min/1.73 m?) in patients with type 2 diabetes
[47]. The major findings of this observational study were
that (a) active smokers had higher blood cadmium levels
than former or never smokers. Measured blood cadmium
levels were within the range that is currently considered
“normal” by international guidelines. Cigarette smoking
was the main but not the sole source of blood cadmium.
(b) Both blood cadmium concentration and active smok-
ing were associated with an increased hazard for dete-
rioration of renal function. The unfavorable nephrotoxic
effects of cadmium concentrations were in large parts the
result of smoking status. (c) Comparison of renal func-
tional decline in smoking and never-smoking diabetic
patients suggested that smoking cessation lowered blood
cadmium concentrations within 3 months and reduced
the hazard for renal functional deterioration. The authors
claimed the need for rigorous assessment of smoking sta-
tus in diabetic patients with high risk of irreversible kid-
ney damage.

E-cigarette use and chronic kidney disease

There has been a dramatic increase in the use of e-ciga-
rettes (e-cig) or other types of electronic nicotine delivery
systems (ENDS) as alternatives and/or cessation tools for
conventional cigarettes, especially among young adoles-
cents and young adults [48]. The heating of e-cig fluid
generates an aerosol that contains humectants (vegetable
glycerin, propyl glycol) and their toxic byproducts when
heated (reactive aldehydes, volatile organic compounds),
flavorings, heavy metals, and nicotine. There is no doubt,
that nicotine and cadmium are components of e-ciga-
rettes, depending on the type of vaping used [49]. E-cig-
arette use is associated with elevated blood cadmium
levels [50].

Currently, data are scarce regarding the long-term
impact of vaping on the onset or progression of CKD [51,
52]. Using data from the Chronic Kidney Disease in Chil-
dren study, Molino et al. [53] found in a cohort of ado-
lescents and young adults with pediatric-onset CKD, that
chronic e-cig use (at least 1 year) was significantly associ-
ated with progression of CKD severity (rise in proteinu-
ria, decline in eGFR). The multiple regression analysis
of the results of a Russian cross-sectional study revealed
that vaping was associated with onset of CKD in healthy
subjects. E-cig users had higher urinary albumin excre-
tion than combustible cigarette smokers and compared
with nonsmokers or non-e-cig users [54].

Limited animal studies using histologic examinations
of renal tissue or measurements of renal function indi-
cate that e-cig use can increase susceptibility to CKD and
progression of CKD in experimental models [55-61].

These preliminary results reinforce the uncertainty
surrounding long-term health consequences of vaping.
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However, further studies are needed to comprehensively
investigate the renal toxicity of e-cig in healthy subjects
and patients with CKD. There is an urgent need to pro-
tect public health from the life threatening effects (lung,
cardiovascular system) of vaping.

Conclusions

Smoking prevention at the population level, and particu-
larly in patients at risk for CKD or with established CKD,
must be part of public policies for the prevention of kid-
ney disease progression. Efforts should continue to focus
on all modifiable risk factors of CKD, and nephrologists
should promote lifestyle modifications as effective means
to prevent new-onset CKD or to slow progression of pri-
mary and secondary kidney disorders to ESKD. Research
is uncertain on whether replacement of cigarettes by
e-cigarettes helps smoking cessation, and data are yet
incipient to achieve truthful conclusions on their effects
on the kidneys.
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