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Abstract
Background Tobacco exposure has been recognized as a risk factor for cardiovascular disease (CVD) and progression 
of kidney disease. Patients with proteinuric glomerulopathies are at increased risk for cardiovascular morbidity and 
mortality. Multiple studies have linked tobacco exposure to CVD and chronic kidney disease, but the relationships 
between smoking and proteinuric glomerulopathies in adults and children have not been previously explored.

Methods Data from the Nephrotic Syndrome Study Network (NEPTUNE), a multi-center prospective observational 
study of participants with proteinuric glomerulopathies, was analyzed. 371 adults and 192 children enrolled in 
NEPTUNE were included in the analysis. Self-reported tobacco exposure was classified as non-smoker, active smoker, 
former smoker, or exclusive passive smoker. Baseline serum cotinine levels were measured in a sub-cohort of 178 
participants.

Results The prevalence of active smokers, former smokers and exclusive passive smoking among adults at baseline 
was 14.6%, 29.1% and 4.9%, respectively. Passive smoke exposure was 16.7% among children. Active smoking 
(reference non-smoking) was significantly associated with greater total cholesterol among adults (β 17.91 95% CI 0.06, 
35.76, p = 0.049) while passive smoking (reference non-smoking) was significantly associated with greater proteinuria 
over time among children (β 1.23 95% CI 0.13, 2.33, p = 0.03). Higher cotinine levels were associated with higher 
baseline eGFR (r = 0.17, p = 0.03).

Conclusion Tobacco exposure is associated with greater risk for CVD and worse kidney disease outcomes in adults 
and children with proteinuric glomerulopathies. Preventive strategies to reduce tobacco exposure may help protect 
against future cardiovascular and kidney morbidity and mortality in patients with proteinuric glomerulopathies.
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Introduction
In the United States, approximately 34.1  million adults 
smoke cigarettes and 4.5 million middle and high school 
students currently use tobacco products [1]. Although 
passive smoke exposure to nonsmokers is declin-
ing, 20.8% of adults and 40.6% of U.S. children are still 
exposed to second-hand smoke [2]. Active and passive 
smoke exposure are associated with increased cardiovas-
cular disease (CVD) risk in adults [3] and passive smoke 
exposure is an independent risk factor for CVD develop-
ment in children. Children with passive smoke exposure 
were found to have higher systolic blood pressure, day-
time blood pressure load and blood pressure variability 
compared to non-smokers [4].

Tobacco exposure has also been recognized as a risk 
factor for progression of kidney disease and proteinuria 
in adults and children [5–7]. Nicotine and its metabolites 
are known to be directly cytotoxic to glomerular visceral 
epithelial cells (i.e. podocytes); an essential cellular com-
ponent of the glomerular filtration barrier. Several stud-
ies have demonstrated the direct damage of nicotine to 
podocytes, which leads to proteinuria and progression of 
chronic kidney disease (CKD) [8–13].

Patients with primary proteinuric glomerulopathies, 
which include minimal change disease (MCD), focal 
segmental glomerulosclerosis (FSGS) and membra-
nous nephropathy (MN) [14, 15], are at increased risk 
for CVD. As such, CVD is reported to be the leading 
cause of death in primary nephrotic syndrome [16]. The 
increased risk for CVD is due in part to alterations in 
lipoprotein metabolism, hypertension, pro-thrombotic 
risks and medication exposures. It is also possible that 
proteinuria is a risk factor for CVD independent of lipid 
levels. Additionally, adults and children with proteinuric 
glomerulopathies are at risk for decline in kidney func-
tion and kidney failure.

Multiple studies have associated tobacco exposure with 
increased risk for CVD and CKD. However, relationships 
between tobacco exposure, CVD, and CKD have not spe-
cifically been examined in patients with proteinuric glo-
merulopathies, who might be at particularly increased 
risk for adverse cardiovascular and kidney outcomes. The 
objective of this study was to describe the prevalence of 
tobacco exposure in adults and children with proteinuric 
glomerulopathies enrolled in the Nephrotic Syndrome 
Study Network (NEPTUNE) and to examine associations 
between tobacco exposure, additional cardiovascular risk 
factors, and kidney disease outcomes in this population. 
We hypothesized that active and passive smoke exposure 
would be associated with hypertension, dyslipidemia, 
kidney function decline, proteinuria, and the presence of 
arteriosclerosis by kidney biopsy.

Methods
Nephrotic syndrome study network (NEPTUNE)
NEPTUNE is a multi-center, prospective, longitudinal 
observational cohort study of adults and children with 
proteinuric glomerulopathies. The design of the NEP-
TUNE study has been previously described [17]. Partici-
pants were recruited at the time of kidney biopsy from 
23 participating sites across North America. Criteria for 
enrollment included a urine protein to creatinine ratio 
(UPC) of ≥ 0.5  g/g (NEPTUNE 1 cohort) or > 1.5  g/g 
(NEPTUNE 2 cohort). Those with systemic disease (e.g. 
systemic lupus erythematosis, diabetes mellitus, systemic 
vasculitis), history of solid organ transplant, or life expec-
tancy < 6 months were excluded. Participants were clas-
sified according to histologic diagnoses of MCD, FSGS, 
MN or other glomerulopathy. Participants were followed 
for five years with visits every four months in the first 
year of enrollment and subsequently every six months. 
Participants enrolled between July 1, 2010 and June 12, 
2019 were included in this analysis. The study proto-
col was approved by the Institutional Review Board at 
each participating site and informed consent/assent was 
obtained from participants.

Tobacco exposure
The prevalence of tobacco exposure among NEPTUNE 
participants was the primary outcome of the study. 
Tobacco exposure was self-reported at each study visit 
by questionnaire. Participants were classified as: (1) non-
smokers, (2) active smokers, (3) former smokers, or (4) 
exclusive passive smokers; classifications were mutu-
ally exclusive. Non-smoker was defined as an individual 
who does not currently smoke or have previous history of 
smoking, and without exposure to any household mem-
bers who smoke. Active smoker was defined as a par-
ticipant who currently smokes cigarettes, pipes or cigars. 
Former smokers were defined as an individual who 
reported previous smoking. Exclusive passive smokers 
were participants with smoke exposure in the household 
and no history of current or former smoking.

Serum cotinine (a metabolite of tobacco) levels were 
collected from baseline blood samples in a nested cohort 
of 178 adults and children enrolled prior to 2015. All 
participants classified as active or passive smokers at 
baseline prior to this date had serum cotinine levels 
measured. An additional random sample of 98 reported 
non-smokers were chosen for cotinine sampling using 
a computer random number generator. Serum cotinine 
measurements were run in duplicate using ELISA kits 
(ABNOVA, Taiwan) as per the manufacturer’s protocol at 
the Children’s Hospital of Philadelphia. Participants with 
levels > 10 ng/ml were considered to be active smokers. If 
levels were > 1 ng/ml but < 10 ng/ml, participants were 
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considered to have passive smoke exposure. Participants 
with levels < 1 ng/ml were classified as nonsmokers [18].

Cardiovascular risk factors
The cardiovascular risk factors of interest included blood 
pressure (BP) and lipid measures. Casual BP was mea-
sured in triplicate according to established hypertension 
guidelines [19, 20] at each study visit using a validated 
oscillometric device and the average of the last two read-
ings was used in analyses. BP status was classified at 
each study visit. Hypertensive BP status was assigned 
if their average BP was in the hypertensive range or if a 
clinical diagnosis of hypertension was documented in 
their medical record. Hypertensive BP was defined as 
BP > 130/80 mmHg in adults and children ≥ 13 years of 
age; and BP > 95th%ile by age, sex, and height in chil-
dren < 13 years [19, 21]. Elevated BP status was defined as 
BP 120–129/80 mmHg in adults and children ≥ 13 years 
of age; and BP 90-95th%ile by age, sex, and height in chil-
dren < 13 years [19, 21]. The BP index (BP/95th percentile 
BP) was calculated for children < 18 years as a method of 
standardizing and comparing blood pressure across vari-
ous age groups. BP index ≥1 was significant for hyper-
tensive BP. Additionally, participants were classified as 
having hypertension if there was a diagnosis of hyperten-
sion in the medical record or by self-report.

Non-fasting serum samples for lipid studies were 
measured centrally at the University of Michigan. Dys-
lipidemia was defined as any of the following: high den-
sity lipoprotein (HDL) < 40  mg/dL; non-HDL ≥ 145  mg/
dl (< 18 years), ≥ 160  mg/dl (≥ 18 years); or triglycer-
ides ≥ 100 mg/dL (0–9 years), ≥ 130 mg/dL (10–17 years), 
or ≥ 150 mg/dL (≥ 18 years) [22].

Cardiovascular disease events and co-morbid conditions
Cardiovascular disease diagnoses including coronary 
artery disease, stroke, heart failure and peripherical vas-
cular disease were queried by self-report at the baseline 
visit and all follow-up visits. Additionally, data on throm-
boembolic events and cancer diagnoses were collected.

Kidney disease outcomes
Kidney disease outcomes were pre-defined in the NEP-
TUNE protocol [17]. Outcomes of interest included 
longitudinal continuous measurements of UPC and 
estimated glomerular filtration rate (eGFR) as well as 
dichotomous outcomes of complete remission, CKD 
progression, and kidney failure. UPC was measured 
centrally at the University of Michigan. In adults, eGFR 
was calculated using the Chronic Kidney Disease-Epi-
demiology (CKD-Epi) 2009 formula while the modi-
fied Schwartz formula was used for children under the 
age of 18 [23, 24]. Complete remission was defined as 
UPC < 0.3 g/g at any time point after nephrotic syndrome 

diagnosis. CKD progression was defined as ≥ 40% eGFR 
decline compared to previous follow up and eGFR < 90 
ml/min/1.73m2. Kidney failure was defined as eGFR < 15 
ml/min/1.73m2 or requiring kidney replacement therapy 
(KRT) or transplant.

Pathology
Kidney biopsy specimens were scored by core NEPTUNE 
pathologists. Arteriosclerosis and arterial hyalinosis were 
graded from 0 to 3+.

Clinical characteristics
The NEPTUNE database was abstracted for anthro-
pometric measurements including weight, height, and 
body mass index (BMI). For children, birth weight was 
recorded and BMI percentiles were calculated by age and 
sex. Obesity was defined as BMI > 30 kg/m2 for adults and 
BMI percentile > 95 percentile for children [25]. Race, 
sex, alcohol use, illicit drug use, English as a primary lan-
guage, maternal education level, and employment status 
were self-reported or reported by parents of children. 
Pharmacotherapies recorded included glucocorticoid, 
calcineurin inhibitor (CNI), and renin-angiotensin-aldo-
sterone system blocker (RAAS) use.

Statistical analysis
Analyses were stratified by participant age: adult (≥ 18 
years) and pediatric (< 18 years). Baseline descriptive 
characteristics of the self-reported tobacco exposure 
groups included mean, standard deviation, median and 
interquartile range (IQR) for continuous variables as well 
as frequency counts and percentages for categorical vari-
ables. To identify the prevalence of tobacco exposure, fre-
quencies and proportions of self-reported non-smokers, 
active smokers, former smokers and passive smokers 
were calculated. Comparisons across tobacco exposure 
groups in adults were done with chi-square test for cat-
egorical variables and ANOVA or Kruskal Wallis test for 
continuous variables, as applicable. Given the small num-
ber of active/former smokers in the pediatric cohort, 
comparisons of passive smokers vs. non-smokers only 
were made in the pediatric cohort, using chi-square, 
t-tests and Mann-Whitney U tests, as appropriate.

Longitudinal analyses were performed using gen-
eralized estimating equations (GEE) to examine the 
association of self-reported tobacco exposure with car-
diovascular risk factors (BP and lipids) and kidney dis-
ease outcomes (UPC, eGFR and complete remission). 
Outcomes of CKD progression and kidney failure were 
analyzed using time-varying Cox survival analysis. Given 
the limited number of cardiovascular disease events and 
co-morbid conditions, regression analyses were not car-
ried out for these outcomes. Models were adjusted for 
potentially confounding variables, chosen a priori based 
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on known associations with outcomes of interest: age, 
sex, race, weight status, glomerular diagnosis, UPC, log 
eGFR, and steroid use. Tobacco exposure, age, weight 
status, UPC, log eGFR and steroid use were entered as 
time-varying variables. The UPC model did not include 
UPC and eGFR model did not include eGFR as con-
founding variables. The model for kidney failure was not 
performed in children and was only adjusted for age and 
sex in adults due to a small number of participants expe-
riencing this outcome. CKD progression in children was 
also adjusted only for age and sex due to a small num-
ber with the outcome. Active smokers and exclusive past 
smokers were the main groups of interest for regression 
analyses, using non-smokers as the reference group.

Demographic information of the nested cohort with 
cotinine data was compared to those without cotinine 
data using chi-square, t-tests and Mann-Whitney U tests, 
as appropriate. To compare self-reported tobacco expo-
sure to cotinine classification of tobacco exposure, sen-
sitivity (i.e. the probability that self-reported tobacco 
use will be positive when the cotinine results are posi-
tive) and specificity (i.e. the probability that self-reported 
tobacco use will be negative when the cotinine results are 
negative) were calculated. Baseline UPC, eGFR, BP and 
lipids were examined for correlation with cotinine level 
using Spearman correlation. SPSS 26.0 (IBM Inc) was 
used to analyze the data. A two-tailed p-value < 0.05 was 
the criterion for statistical significance.

Results
This study included 371 adults and 192 children enrolled 
in NEPTUNE. Among adult participants at baseline, 
the mean age was 45.9 ± 18 years, 106 (55.5%) partici-
pants were male, and 34 (20.7%) identified as Black race 
(Table 1). The median duration of follow up was 3.6 (IQR 
2.3, 4.5) years. Self-reported tobacco exposure status at 
baseline was 51.5% (N = 191) non-smokers, 14.6% (N = 54) 
active smokers, 29.1% (N = 108) former smokers, and 
4.9% (N = 18) exclusive passive smokers. Active smok-
ers (missing 7.4%) reported smoking for a median of 20 
(IQR 10, 35) years and smoked a median 0.5 (IQR 0.25, 1) 
packets of cigarettes per day. There were 27 participants 
that reported pipe or cigar use. The prevalence of passive 
smoke exposure among all adults (including active and 
former smokers) was 13.2% (N = 49). Of former smokers 
who responded (missing 72.2%), the tobacco-free period 
was a median 0.88 (IQR 0, 9.8) years. Comparisons 
among the tobacco exposure groups showed that the for-
mer smoker group was older than the other groups. The 
former smoker group had the highest proportion of male 
participants (70.4%), followed by active smokers (68.5%) 
and non-smokers (55.5%). The active smoker group had 
the highest proportion of participants who identified as 

Black race (41.5%), reported illicit drug usage (22.2%), or 
were unemployed (50.0%).

Among the pediatric cohort, the mean age was 9.8 ± 5 
years, 57.3% of the participants were male and 39.4% 
identified as Black race (Table  2). The median duration 
of follow up was 4.1 (IQR 2.3, 4.7) years. The prevalence 
of self-reported tobacco exposure at baseline was 81.3% 
(N = 156) non-smokers, 0.05% (N = 1) active smoker, 1.6% 
(N = 3) former smokers and 16.7% (N = 32) exclusive pas-
sive smokers. When comparing the passive smokers with 
non-smokers, there were significant differences in the 
mean age and maternal education level between the two 
groups.

Cardiovascular risk factor outcomes
At baseline, there were no significant differences in BP 
or lipid measurements among the tobacco exposure 
groups in the adult and pediatric cohorts (Tables  1 and 
2). Over time, there were also no significant differences 
in self-reported hypertension diagnosis among the adult 
and pediatric cohorts (Table 3). In longitudinal adjusted 
regression models, active smoking (reference non-smok-
ing) was significantly associated with greater total choles-
terol (β 17.91 95% CI 0.06, 35.76, p = 0.049) among adults. 
No significant associations were found between active 
smoking (reference non-smoking) and hypertensive BP 
status, systolic or diastolic BP, HDL, LDL or triglycerides 
in adults (Table  4). Among children no significant rela-
tionships were found between passive smoking and BP 
status, systolic/diastolic BP or lipid studies (Table 5).

Cardiovascular disease events and co-morbid conditions
Cardiovascular disease events, cancer diagnosis and 
thromboembolic events reported at baseline and during 
follow-up by tobacco exposure are presented in Table 3. 
Among adults, there was a significantly higher frequency 
of thromboembolic events (9.3%) reported at the baseline 
visit in former smokers compared to the other tobacco 
exposure groups. There were no other significant differ-
ences for other disease conditions among the adult and 
pediatric cohorts.

Kidney disease outcomes
At baseline, there were no significant differences in UPC 
or eGFR among the tobacco exposure groups in the 
adult and pediatric cohorts (Tables 1 and 2). Over time, 
there were no significant differences in the frequency of 
complete remission or kidney failure among adults and 
children. For children, there was a significantly higher 
frequency of CKD progression in non-smokers com-
pared to those exposed to passive smoke (Table  3). In 
longitudinal adjusted regression models, no significant 
associations were found between active smoking (refer-
ence non-smoking) and UPC, eGFR, nephrotic syndrome 
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N (%) or Mean±SD
N = 371

Non-smoker
N = 191

Active smoker
N = 54

Former 
smoker
N = 108

Exclusive Pas-
sive smoker
N = 18

p-
value

Age 43.7±16.3 47.6±13.5 49.5±16.0 41.5±15.0 0.01

Sex: Male 106 (55.5%) 37 (68.5%) 76 (70.4%) 6 (33.3%) <0.01

Black Race 39 (20.7%) 22 (41.5%) 18 (16.8%) 5 (27.8%) <0.01

Drug use 9 (4.7%) 12 (22.2%) 18 (16.7%) 1 (5.6%) <0.01

Alcohol use: None 97 (51.1%) 25 (46.3%) 40 (37.4%) 9 (50.0%) 0.27

Daily 4 (2.1%) 3 (5.6%) 7 (6.5%) 0 (0.0%)

3-4 times a week 7 (3.7%) 4 (7.4%) 9 (8.4%) 2 (11.1%)

1-2 times a week 23 (12.1%) 6 (11.1%) 16 (15.0%) 2 (11.1%)

1-2 times a month 23 (12.1%) 6 (11.1%) 22 (20.6%) 2 (11.1%)

< once a month 36 (18.9%) 10 (18.5%) 13 (12.1%) 3 (16.7%)

English as primary language 142 (74.3%) 46 (85.2%) 83 (76.9%) 12 (66.7%) 0.30

Employment Status: Not Employed 45 (23.7%) 27 (50.0%) 44 (40.7%) 7 (38.9%) <0.01

Employed 127 (66.8%) 26 (48.1%) 62 (57.4%) 10 (55.6%)

Homemaker 10 (5.3%) 0 (0.0%) 0 (0.0%) 1 (5.6%)

Not Applicable 8 (4.2%) 1 (1.9%) 2 (1.9%) 0 (0.0%)

Education Level: 0.49

High School
diploma

45 (23.6%) 9 (16.7%) 21 (19.6%) 2 (11.1%)

2-year Associates
degree/certificate

25 (13.1%) 6 (11.1%) 7 (6.5%) 2 (11.1%)

4-year College
degree

25 (13.1%) 6 (11.1%) 12 (11.2%) 1 (5.6%)

Master level
diploma

9 (4.7%) 2 (3.7%) 6 (5.6%) 0 (0.0%)

Graduate level
diploma

4 (2.1%) 1 (1.9%) 2 (1.9%) 1 (5.6%)

Not available 8 (4.2%) 5 (9.3%) 2 (1.9%) 2 (11.1%)

Unknown 15 (7.9%) 7 (13.0%) 16 15.0%) 4 (22.2%)

Weight (kg) 88.4±28.4 91.7±27.8 85.6±21.3 84.1±22.7 0.49

Height (cm) 169.1±10.6 171.5±10.2 171.0±10.3 165.2±12.0 0.08

BMI (kg/m2) 30.4±8.1 30.8±9.1 29.3±7.2 30.6±6.7 0.63

Obesity 83 (43.4%) 26 (48.1%) 38 (35.2%) 9 (50%) 0.28

Cohort:  MN 40 (21.1%) 15 (28.3%) 34 (31.8%) 5 (27.8%) 0.53

MCD 37 (19.5%) 11 (20.8%) 15 (14.0%) 2 (11.1%)

Other 50 (26.3%) 9 (17.0%) 25 (23.4%) 3 (16.7%)

FSGS 63 (33.2%) 18 (34.0%) 33 (30.8%) 8 (44.4%)

Hypertensive Status:
Normal

75 (1 (39.3%) 14 (25.9%) 39 (36.1%) 11 (61.1%) 0.62

Elevated BP 84 (44.0%) 26 (48.1%) 37 (34.3%) 6 (33.3%)

Hypertensive 32 (16.8%) 14 (25.9%) 32 (29.6%) 1 (5.6%)

SBP (mmHg) 122.8±17.3 129.8±21.7 125.6±22.0 119.9±17.2 0.09

SBP Index 0.79±0.13 0.78±0.15 0.75±0.15 0.79±0.12 0.25

DBP (mmHg) 75.5±11.9 76.8±11.9 76.4±12.1 72.9±10.2 0.38

eGFR (ml/min/1.73m2) 69.5±31.0 74.6±31.8 67.4±29.7 55.8±37.6 0.15

UPC ratio (g/g) 3.3±4.5 4.0±5.4 3.7±3.8 4.2±3.9 0.71

Edema present 85 (44.5%) 29 (53.7%) 49 (45.4%) 10 (55.6%) 0.56

Albumin (mg/dl) 3.2± 0.10 2.9±0.9 3.1±1.0 3.0±1.0 0.56

Total Cholesterol (mg/dL) 262.0±111.5 271.3±96.9 259.3±91.8 257.5±93.1 0.91

HDL (mg/dL) 67.1±30.8 62.6±25.9 69.5±30.1 57.8±16.4 0.30

LDL (mg/dL) 156.5±90.2 159.9±83.2 150.5±77.0 152.0±84.7 0.91

Triglycerides (mg/dL) 192.2±128.4 243.9±152.0 196.8±162.3 238.4±156.2 0.08

Steroid use 40 (20.9%) 14 (25.9%) 21 (19.4%) 3 (16.7%) 0.77

Table 1 Baseline Demographic and Clinical Characteristics of Adult NEPTUNE Participants by Tobacco Exposure Groups
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remission, CKD progression, or development of kidney 
failure in adults (Table  4). In children, passive smoking 
(reference non-smoking) was significantly associated 
with greater UPC over time (β 1.23 95% CI 0.13, 2.33, 
p = 0.03). No relationships between passive smoking and 
remission of nephrotic syndrome or CKD progression 
were found (Table 5).

Pathology
There were no significant differences in kidney tissue 
arterial hyalinosis score or arteriosclerosis percentage 
among the tobacco exposure groups in the adults and 
pediatric cohorts (Tables 1 and 2).

Serum cotinine
Serum cotinine was measured in a sub-population of 
the cohort, which included 123 adults and 55 children. 
There were no significant differences in baseline demo-
graphic and clinical characteristics between the cotinine 
sub-cohort and those without cotinine measurements 
(data not shown). Classification of tobacco exposure by 
cotinine criteria included 95 (53.4%) non-smokers, 30 
(16.9%) active smokers and 53 (29.8%) passive smokers.

Compared to the cotinine tobacco exposure classifica-
tion, the sensitivity of self-reported active smoking was 
75.9% and the specificity was 97.7%. The sensitivity and 
specificity for self-reported passive smoking were low 
compared to cotinine measures, 17.3% and 11.6%, respec-
tively. Of those classified as non-smokers by cotinine, 
there were 10 who self-reported passive smoke exposure. 
Of the active smokers by cotinine, there were two who 
reported non-smoking status and one who reported pas-
sive smoke exposure. Of the passive smokers by cotinine, 
there were two reports of active smoking and 33 reports 
of non-smoking exposure.

There was a positive correlation between serum coti-
nine and baseline eGFR (r = 0.17, p = 0.03). There were 
no significant correlations between serum cotinine and 
baseline UPC, BP or lipids.

Discussion
In NEPTUNE, the self-reported prevalence of active 
smoking was 14.6% in adults and the prevalence of 
exclusive passive smoking was 4.9% in adults and 16.7% 
in children. Active smoking was significantly associated 
with greater total cholesterol over time in adults while 
passive smoke exposure was associated with greater 
proteinuria over time in children. The sensitivity of self-
reported smoking exposure status compared to serum 
cotinine levels was modest for active smoking and poor 
for passive smoking. Higher serum cotinine, measured in 
a sub-cohort at baseline, correlated with a higher eGFR.

The prevalence of active smoking in adults from NEP-
TUNE is similar to the reported 14% of adults in the 
United States who smoke cigarettes [1]. Smoke expo-
sure in children was lower than expected from previous 
studies in the general pediatric population; these general 
pediatric studies describe a larger percentage of children 
who are active smokers or who are exposed to second-
hand smoke. One study of 182 adolescents showed that 
52% lived with an adult who smokes and 24% had smoked 
at some point in their lives [5]. On the other hand, simi-
lar to our findings, a Chronic Kidney Disease in Chil-
dren (CKiD) study found that 2% of children ages 13–18 
years were active smokers and 20% had passive smoke 
exposure [26]. Similar to other studies, the concordance 
between serum cotinine and self-report of tobacco expo-
sure was not strong, suggesting that smoke exposure was 
likely under-reported [27].

Active and passive smoke exposure are associated with 
increased CVD risk in adults [3]. Smoking is a risk factor 
for coronary heart disease and progression of atheroscle-
rotis [3, 28, 29]. Second-hand smoking has been shown to 
increase the risk of CVD by as much as 25–30% in pooled 
estimates from a meta-analyses [30] and there is support-
ive evidence of a causal association between second-hand 
smoke exposure and CVD mortality in nonsmokers [31]. 
Second-hand smoke is also an independent risk factor 
for the development of CVD in children. Children with 
second-hand smoke exposure were found to have higher 
blood pressure, blood pressure variability and endothelial 
dysfunction [4, 32].

N (%) or Mean±SD
N = 371

Non-smoker
N = 191

Active smoker
N = 54

Former 
smoker
N = 108

Exclusive Pas-
sive smoker
N = 18

p-
value

CNI use 6 (3.1%) 3 (5.6%) 1 (0.9%) 0 (0.0%) 0.31

RAAS blocker use 109 (57.1%) 31 (57.4%) 56 (51.9%) 11 (61.1%) 0.78

Arterial Hyalinosis 0.35±0.55 0.43±0.86 1.02±1 0.19±0.53 0.11

Arteriosclerosis (%) 0.81±0.9 0.93±0.56 0.23±0.46 0.31±0.46 0.17
BMI – body mass index; MN –membranous nephropathy; MCD- minimal change disease; FSGS- focal segmental glomerulosclerosis; BP – blood pressure; SBP- 
systolic blood pressure; DBP- diastolic blood pressure; eGFR- estimated glomerular filtration rate; UPC- urine protein:creatinine ratio; HDL – high density lipoprotein 
cholesterol; LDL – low density lipoprotein cholesterol; CNI - calcineurin inhibitor; RAAS – renin angiotensin aldosterone system

Table 1 (continued) 
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Table 2 Baseline Demographic and Clinical Characteristics of Pediatric NEPTUNE Participants by Tobacco Exposure Groups
N (%) or Mean±SD
N = 188a

Non-smoker
N = 156

Exclusive Passive 
smoker
N = 32

p-value

Age 10.1±4.91 8.0±4.9 0.04

Sex: Male 88 (56.4%) 19 (59.4%) 0.84

Black Race 60 (39.5%) 11 (39.5%) 0.69

Drug use 0 (0.0%) 0 (0.0%) >0.99

Alcohol use: None 134 (97.8%) 30 (93.8%) 0.05

Daily 0 (0.0%) 1 (3.1%)

3-4 times a week 0 (0.0%) 0 (0.0%)

1-2 times a week 1 (0.7%) 0 (0.0%)

1-2 times a month 2 (1.5%) 0 (0.0%)

< once a month 0 (0.0%) 1 (3.1%)

English as primary language 138 (88.5%) 30 (96.8%) 0.21

Maternal Education Level: 0.01

High School diploma 24 (15.4%) 7 (21.9%)

2-year Associates
degree/certificate

42 (26.9%) 4 (12.5%)

4-year College degree 27 (17.3%) 4 (12.5%)

Master level diploma 8 (5.1%) 0 (0.0%)

Graduate level diploma 7 (4.5%) 0 (0.0%)

Not available 4 (2.6%) 1 (3.1%)

Unknown 5 (3.2%) 1 (3.1%)

BMI (kg/m2) 22.3±6.7 21.8±7.0 0.3

BMI percentile 76.6±28.2 82.2±25.3 0.16

Obesity 49 (0.3) 17 (53.1) 0.12

Birth weight (g) 4610.0±7316.6 3501.2±260.3 0.27

Cohort:  MN 1 (0.6%) 0 (0.0%) 0.76

MCD 80 (51.6%) 19 (59.4%)

Other 27 (17.4%) 6 (18.8%)

FSGS 47 (30.3%) 7 (21.9%)

Blood Pressure Status:
Normal

72 (48.6%) 13 (43.3%) 0.87

Elevated BP 14 (9.5%) 3 (10.0%)

Hypertensive BP 62 (41.9%) 14 (46.7%)

SBP (mmHg) 111.43±15.403 106.70±18.904 0.12

SBP Index 0.9425±0.11553 0.9418±0.08770 0.79

DBP (mmHg) 76.3±11.4 72.9±10.2 0.04

DBP index 0.9±0.56 0.94±0.18 0.41

eGFR (ml/min/1.73m2) 99.2±33.3 121.2±68.4 0.06

UPC ratio (g/g) 3.23±6.2 3.6 ±3.9 0.80

Edema present 55 (36.7%) 16 (50.0%) 0.17

Albumin (mg/dl) 3.2±1.0 2.9±1.2 0.26

Total Cholesterol (mg/dL) 295.3±136.3 316.8±145.7 0.41

HDL (mg/dL) 77.0±28.1 82.2±30.9 0.32

LDL (mg/dL) 179.4±108.4 197.3±115.8 0.4

Triglycerides (mg/dL) 194.4±155.4 186.5±167.7 0.69

Steroid use 90 (46.7%) 19 (59.4%) >0.99

CNI use 30 (19.2%) 8 (25.0%) 0.67

RAAS blocker use 50 (32.1%) 9 (28.1%) 0.57

Arterial Hyalinosis 0.01±0.07 0.05±0.23 0.36

Arteriosclerosis (%) 0.06±0.21 0.08±0.25 0.69
aTotal N excludes one current smoker and 3 previous smokers

BMI – body mass index; MN –membranous nephropathy; MCD- minimal change disease; FSGS- focal segmental glomerulosclerosis; BP – blood pressure; SBP- 
systolic blood pressure; DBP- diastolic blood pressure; eGFR- estimated glomerular filtration rate; UPC- urine protein:creatinine ratio; HDL – high density lipoprotein 
cholesterol; LDL – low density lipoprotein cholesterol; CNI - calcineurin inhibitor; RAAS – renin angiotensin aldosterone system
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Active smoking was associated with greater total cho-
lesterol in adults in this present study suggesting an 
increased cardiovascular risk profile related to tobacco 
exposure in adults with proteinuric glomerulopathies. 
These results are in agreement with previous studies that 
have shown that smoking leads to an increase in lipid lev-
els [33–37]. The mechanisms of this phenomenon have 
been described by Valkonen and Kuusi: tobacco expo-
sure results in loss of antioxidant defense, a reduction in 
ascorbic acid, and an accumulation of LDL in cultured 
human macrophages [37]. These mechanisms lead to a 
decrease in LDL oxidation, increased peroxidation, and 
an overall increase in lipid levels, thereby increasing the 
risk of atherosclerosis [38–42].

Tobacco exposure is also a known risk factor for pro-
gression of kidney disease and proteinuria [5–7]. In 
adults, smoking is an independent risk factor for trans-
plant nephropathy [43] and progression of CKD to kid-
ney failure [44]. In a systematic review of 17 studies, there 
was a significant association between smoking and inci-
dent CKD [45]. A national study of 13,000 adults found 
that active smokers were 1.85 times more likely to have 
albuminuria than nonsmokers. Of nonsmokers, studies 
also support the association of passive smoke exposure 

with albuminuria and CKD in adults [6, 46, 47]. Contrary 
to expectations, our study did not find any associations 
between tobacco exposure and kidney disease outcomes 
in adults with proteinuric glomerulopathies. The finding 
that passive smoking was associated with proteinuria in 
children with proteinuric glomerulopathies is notable, 
as this suggests that tobacco exposure may affect kidney 
outcomes early in life. In CKiD, passive smoke exposure 
was associated with a 2.64 odds of nephrotic-range pro-
teinuria compared to unexposed children [5]. Passive 
smoke exposure has also been associated with a decline 
in eGFR in adolescents [48]. The current hypothesis 
is that smoking triggers a sympathetic response caus-
ing intra-renal vasoconstriction. This leads to increased 
glomerular pressure and kidney hyperperfusion leading 
to structural alterations of the glomeruli and eventually 
hyperfiltration [49–51]. Glomerular hyperfiltration often 
results in an increase in proteinuria [49–51].

There is considerable evidence of the direct cytotoxic 
effects of nicotine and its metabolites on podocyte func-
tion. Zarzecki et al. demonstrated that Sprague-Dawley 
rats exposed in utero to cigarette smoke extract, exhibited 
significantly reduced glomerular volume and podocyte 
number suggesting that prenatal exposure to nicotine 

Table 3 Outcomes among NEPTUNE Participants by Tobacco Exposure Groups
Adults Pediatric

N (%)
N = 371

Non-smoker
N = 191

Active smoker
N = 54

Former 
smoker
N = 108

Exclusive Pas-
sive smoker
N = 18

Non-smoker
N = 156

Exclu-
sive 
Passive 
smoker
N = 32

Cardiovascular Disease Risk Factors
Self-reported Hypertension at Baseline 115 (60.2%) 32 (59.3%) 67 (62%) 13 (72.2%) 34 (21.8%) 10 

(31.2%)

Self-reported Hypertension after Baseline 5 (2.6%) 1 (1.9%) 2 (1.9) 0 (0%) 5 (3.2%) 4 (12.5%)

Cardiovascular Disease Events
Coronary Heart Disease at Baseline 13 (6.8%) 5 (9.3%) 5 (4.6%) 0 (0%) 0 (0%) 0 (0%)

Coronary Heart Disease after Baseline 1 (0.5%) 1 (1.9%) 1 (0.93%) 0 (0%) 0 (0%) 0 (0%)

Heart Failure at Baseline 5 (2.6%) 3 (5.6%) 1 (0.93%) 0 (0%) 0 (0%) 0 (0%)

Heart Failure after Baseline 4 (2.1%) 0 (0%) 1 (0.93%) 0 (0%) 1 (0.64%) 0 (0%)

Stroke at Baseline 3 (1.6%) 4 (7.4%) 5 (4.6%) 1 (5.6%) 0 (0%) 0 (0%)

Stroke after Baseline 1 (0.5%) 1 (1.9%) 2 (1.9%) 0 (0%) 0 (0%) 0 (0%)

Peripheral Vascular Disease at Baseline 2 1%) 2 (3%) 2 (1.9%) 0 (0%) 0 (0%) 0 (0%)

Peripheral Vascular Disease after Baseline 2 (1%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Kidney Disease Outcomes
Complete Remission 98 (51.3) 23 (42.6) 59 (54.6) 6 (50%) 111 (71.2%) 23 

(71.9%)

Chronic Kidney Disease Progression* 39 (20.4) 13 (24.1) 26 (24.1) 4 (22.2%) 31 (19.9%) 4 (12.5%)

Kidney Failure 16 (8.4) 4 (7.4) 8 (7.4) 2 (11.1%) 1 (0.64%) 0 (0%)

Co-Morbid Diagnoses
Cancer at Baseline 15 (7.9%) 5 (9.3%) 5 (4.6%) 1 (5.6%) 0 (0%) 0 (0%)

Cancer after Baseline 4 (2.1%) 2 (3.7%) 3 (2.8%) 1 (5.6%) 1 (0.64%) 0 (0%)

Thromboemboilic Events at Baseline** 6 (3.1%) 1 (1.9%) 10 (9.3%) 0 (0%) 4 (2.6%) 0 (0%)

Thromboembolic Events after Baseline 6 (3.1%) 1 (1.9%) 4 (3.7%) 0 (0%) 1 (0.64%) 0 (0%)
*For children, chi-square test p = 0.03, **For adults, p = 0.04. All other tests p >0.05
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and its metabolites may negatively impact glomerular 
development [8]. Subsequently, Singh et al. demonstrated 
that nicotine exposure induces activation of the NLRP 
inflammasome, reduced expression of podocyte matu-
rity markers (i.e. podocin and nephrin), upregulation of 
caspase 1 and IL-1β expression and increased cellular 
permeability in vitro (Fig.  1) [11]. Jaimes et al. recently 
showed that nicotine binds directly to podocytes via 
the nicotinic acetylcholine receptor (nAchR) to induce 
reactive oxygen species generation and COX-2 expres-
sion, increased CD36-mediated oxLDL uptake, reduced 

podocyte maturity marker expression (i.e. synaptopodin), 
fibronectin expression, apoptosis and glomerular injury 
(Fig.  1) [9]. Taken together, these studies demonstrate 
the direct cytotoxicity of nicotine and its metabolites on 
podocytes, which may contribute to proteinuria via dis-
ruption of glomerular filtration barrier integrity.

We found a weak, but significant, positive correlation 
between serum cotinine and baseline eGFR. This is con-
sistent with previous studies that showed that increased 
eGFR is associated with smoking [50, 51, 52, 53]. On the 
other hand, a few studies found the opposite effect of 
smoking on eGFR [48, 54]. Intriguingly, Pinto-Sietsma 
et al. found both a significant increase and a significant 
decrease in eGFR to be correlated with smoking among 
7476 participants [51]. They suggest that decreased eGFR 
may be due to an initial decrease in renal plasma flow 
that is caused by smoking before glomeruli are damaged 
with subsequent compensatory glomerular hyperfiltra-
tion driving the increase in eGFR [55, 56]. Cystatin C 
measurements provide another perspective on the effects 
of smoking on eGFR. It has been shown that cystatin 
C-based calculations of eGFR predict cardiovascular out-
comes, end stage renal disease, and death better than cre-
atinine-based eGFR calculations [57]. Additionally, one 
study showed that active smoking was associated with 
a higher creatinine-based eGFR, but was not associated 

Table 4 Association between Tobacco Exposure and 
Cardiovascular Risk Factors and Kidney-related Outcomes in 
Adjusted Regression Models (reference group: non-smokers)a in 
Adult NEPTUNE Participants

Active Smokers Exclusive Passive 
Smokers

OR (95% CI) p 
value

OR (95% 
CI)

p 
value

Hypertensive BP 0.51 (0.22, 
1.16)

0.11 1.26 (0.84, 
1.90)

0.26

Dyslipidemia 1.29 (0.78, 
2.13)

0.32 Failed to 
Converge

Complete remission 0.86 (0.70, 
1.05)

0.13 1.00 (0.79, 
1.27)

0.98

β (95% CI) p 
value

β (95% CI) p 
value

Systolic BP (mmHg) 1.26 (-1.21, 
3.72)

0.32 0.363 (-1.88, 
2.61)

0.75

Diastolic BP (mmHg) 0.43 (-2.05, 
2.91)

0.73 0.01 (-2.00, 
2.01)

0.99

HDL (mg/dl) 0.00 (-3.75, 
3.75)

1 1.34 (-6.04, 
8.71)

0.72

LDL (mg/dl) 7.12 (-4.01, 
18.24)

0.21 -6.79 
(-29.78, 
16.21)

0.56

Triglycerides (mg/dl) 3.41 (-31.02, 
37.84)

0.58 -21.86 
(-59.13, 
15.40)

0.25

Total Cholesterol (mg/dl) 17.91 (0.06, 
35.76)

0.049 -38.85 
(-87.21, 
9.51)

0.12

UPCr (g/g) 0.39 (-0.09, 
0.87)

0.12 1.23 (0.13, 
2.33)

0.03

eGFR (ml/min/1.73m2) 3.06 (-2.96, 
9.07)

0.32 4.13 (-2.52, 
10.78)

0.22

 h (95% CI) p value HR (95% 
CI)

p 
value

CKD progression 1.24 (0.91, 
1.68)

0.17 0.71 (0.48, 
1.04)

0.08

Kidney failure 0.82 (0.51, 
1.32)

0.41 - -

a Models were adjusted for age, sex, weight status, race, glomerular diagnosis, 
UPC, log eGFR and steroids. Exceptions: UPC model did not include UPC. eGFR 
model did not include eGFR. Kidney Failure adjusted only for age and sex due to 
small number of events in adults. Kidney failure not performed in children due 
to small number of events. CKD progression in children adjusted for age and sex 
due to small number of events

Table 5 Association between Tobacco Exposure and 
Cardiovascular Risk Factors and Kidney-related Outcomes in 
Adjusted Regression Models (reference group: non-smokers)a in 
Pediatric NEPTUNE Participants

Passive Smokers
OR (95% CI) p value

Hypertensive BP 1.26 (0.84, 1.90) 0.26

Dyslipidemia Failed to 
Converge

Complete remission 1.00 (0.79, 1.27) 0.98

β (95% CI) p value

Systolic BP (mmHg) 0.363 (-1.88, 2.61) 0.75

Diastolic BP (mmHg) 0.01 (-2.00, 2.01) 0.99

HDL (mg/dl) 1.34 (-6.04, 8.71) 0.72

LDL (mg/dl) -6.79 (-29.78, 
16.21)

0.56

Triglycerides (mg/dl) -21.86 (-59.13, 
15.40)

0.25

Total Cholesterol (mg/dl) -38.85 (-87.21, 
9.51)

0.12

UPCr (g/g) 1.23 (0.13, 2.33) 0.03

eGFR (ml/min/1.73m2) 4.13 (-2.52, 10.78) 0.22

 h (95% CI) p value

CKD progression 0.71 (0.48, 1.04) 0.08
a Models were adjusted for age, sex, weight status, race, glomerular diagnosis, 
UPC, log eGFR and steroids. Exceptions: UPC model did not include UPC. eGFR 
model did not include eGFR. Kidney Failure adjusted only for age and sex due to 
small number of events in adults. Kidney failure not performed in children due 
to small number of events. CKD progression in children adjusted for age and sex 
due to small number of events
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with a change in cystatin C-based eGFR [58]. Further 
investigations of the relationship between serum cotinine 
levels and creatinine-based eGFR compared to cystatin 
C-based eGFR may help clarify conflicting study results.

This study has several limitations. As mentioned pre-
viously, self-reported tobacco exposure is generally 
under-reported [27], which may attenuate relationships 
between tobacco exposure and cardiovascular risk fac-
tor and kidney disease outcomes. Another limitation is 
that the NEPTUNE protocol did not specifically include 
questions about vaping or electronic cigarette use, which 
may have led to an under-estimation of the true tobacco 
exposure, especially in the adolescent population. Given 
the observational nature of the study, there are possible 
confounding factors (e.g. diet, socioeconomic factors, 
comorbidities, genetics) that were not captured and may 
have had an effect on the outcomes of interest. Also, the 
duration of follow-up may not have been long enough to 
capture some of the outcomes of interest. Lastly, results 
may not be generalizable to other practice settings since 
all NEPTUNE study sites are academic centers.

In conclusion, tobacco exposure is prevalent among 
adults and children with proteinuric glomerulopathies 
and is associated with higher cardiovascular risk profiles 
and worse kidney disease outcomes. Active smoking was 
significantly associated with greater total cholesterol in 
adults and passive smoking was significantly associated 
with proteinuria in children. Therefore, preventive strat-
egies to reduce smoke exposure, including counseling of 
caregivers of children with glomerulopathies who might 
be sources of passive tobacco exposure, is important to 
mitigate risks of cardiovascular and kidney complications 
in patients with proteinuric glomerulopathies.
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