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Cigarette smoke inhalation aggravates diabetic
kidney injury in rats†

Songling Jiang,a Do Van Quan,b Jae Hyuck Sung,c Moo-Yeol Lee*b and
Hunjoo Ha *a

Diabetic kidney disease (DKD) is the leading cause of end-stage kidney disease. Epidemiological studies

have demonstrated that cigarette smoke or nicotine is a risk factor for the progression of chronic kidney

injury. The present study analyzed the kidney toxicity of cigarette smoke in experimental rats with DKD.

Experimental diabetes was induced in 7-week-old Sprague-Dawley rats by a single intraperitoneal injec-

tion of streptozotocin (60 mg kg−1). Four weeks after the induction of diabetes, rats were exposed to ciga-

rette smoke (200 μg L−1), 4 h daily, and 5 days per week for 4 weeks. Cigarette smoke did not affect the

levels of plasma glucose, hemoglobin A1c, high-density lipoprotein cholesterol, low-density lipoprotein

cholesterol or non-esterified fatty acids in both control and diabetic rats under the experimental con-

ditions. Cigarette smoke, however, significantly increased diabetes-induced glomerular hypertrophy and

urinary kidney injury molecule-1 (KIM-1) and neutrophil gelatinase-associated lipocalin (NGAL) excretion,

suggesting exacerbation of diabetic kidney injury. Cigarette smoke promoted macrophage infiltration and

fibrosis in the diabetic kidney. As expected, cigarette smoke increased oxidative stress in both control and

diabetic rats. These data demonstrated that four weeks of exposure to cigarette smoke aggravated the

progression of DKD in rats.

1. Introduction

Cigarette smoke is a major risk factor for cardiovascular dis-
eases, pulmonary disorders, and cancers.1–3 A large number
of epidemiological studies also demonstrated that cigarette
smoke exacerbates the development and progression of
chronic kidney disease (CKD).4–7 Smoking induces oxidative
stress, inflammation, and lipid accumulation, which lead to
endothelial dysfunction, upregulation of inflammatory
mediators, and accumulation of advanced glycation end pro-
ducts.8 All these events result in thickening of glomerular
basement membrane and mesangial expansion, which ulti-
mately progress to glomerulosclerosis and interstitial fibrosis
of the kidney.8,9

Diabetic kidney disease (DKD) is the leading cause of end-
stage kidney disease.10 Chronic hyperglycemia exacerbates the
progression of kidney disease.11,12 Cigarette smoke impairs

glucose regulation in patients with type 1 and 2 diabetes.13,14

Smokers with type 2 diabetes exhibited increased blood
glucose concentrations compared with nonsmokers.13 Cigarette
smoke also increased postprandial blood glucose levels in
diabetic patients.15 Heavy smoking (≥20 cigarettes per day, at
least 1 year) significantly increased not only plasma hemo-
globin A1c (HbA1c) and triglyceride (TG) levels but also pro-
teinuria leading to progression of kidney injury in patients
with type 1 diabetes.14

Mechanistically, cigarette smoke accelerates oxidative
stress, which is an important risk factor for the initiation and
progression of DKD.16 Cigarette smoke contains more than
4000 different chemicals17 and produces harmful gases, which
enhance reactive oxygen species (ROS) generation. In addition,
cigarette smoke stimulates NADPH oxidases (Noxs) to generate
ROS,18 which leads to inflammation and endothelial
dysfunction.19,20 Noxs are major sources of ROS in the kidney
as well as other organs.21 Nox4 expression and activity were
increased in diabetic kidneys.22–24 Nicotine exposure further
increased Nox4 expression in the kidney of db/db mice, an
experimental animal model of type 2 diabetes.25 Nox inhibi-
tors effectively blocked nicotine-induced proliferation and
fibronectin synthesis in human mesangial cells.26

While TGF-β is the major profibrotic cytokine produced in
CKD including DKD,27 cigarette smoke or nicotine stimulates
TGF-β expression and extracellular matrix (ECM) synthesis in
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atrial tissue, periodontal tissue, lung epithelial cells, and
hepatic stellate cells.28–31 Tobacco consumption has been
identified as a risk factor for atrial fibrosis.32

Studies investigating the role of nicotine may advance our
understanding of reno-toxic mechanisms induced by exposure
to electronic cigarettes as well as cigarette smoke. However, an
experimental model elucidating the reno-toxic mechanism of
cigarette smoke inhalation in DKD is needed. In this study, we
developed an experimental model to investigate the kidney tox-
icity of cigarette smoke and demonstrated its role in the pro-
gression of DKD.

2. Materials & methods
2.1. Kentucky reference cigarettes

We purchased 3R4F reference cigarettes from the Center for
Tobacco Reference Products of the University of Kentucky
(Lexington, KY, USA). Cigarette smoke was generated by a
JB2080 automatic 30-port cigarette smoking machine (CH
Technologies, Westwood, NJ, USA) in conformity with ISO
standard 3308 regimen: 35 mL puff volume, 2 s puff duration,
60 s puff interval, without blocking the vent. The cigarette
smoke generated was diluted with filtered clean air to adjust
for the total particulate matter (TPM) concentration and sent
to the NITC-36 nose-only inhalation chamber (HCT, Icheon,
Korea) housing the rats. The non-smoking group was exposed
to filtered clean air instead of cigarette smoke.

2.2. Animals and experimental protocol

Sprague-Dawley rats (male, 6-week-old) were purchased from
Orient Bio (Seongnam, Korea) and all the experimental
exposures were conducted at Korea Conformity Laboratories
(KCL, Incheon, Korea) following the approval of the
Institutional Animal Care and Use Committee of KCL (IA
17-00342). The rats were housed in the laboratory animal facil-
ity and acclimated for a week before starting the experiments.
The laboratory animal facility was maintained at a constant
temperature and humidity with a 12 h light/dark cycle. Food
and water were provided ad libitum. Animals were randomly
divided into 4 groups: control group (n = 8), cigarette smoke-
exposed group (CS control, n = 6), diabetes mellitus group
(DM, n = 8), and cigarette smoke-exposed diabetes mellitus
group (CS DM, n = 8). Experimental diabetes was induced in
7-week-old rats via a single intraperitoneal injection of strepto-
zotocin (STZ, 60 mg kg−1) according to our previous study.33

STZ was dissolved in 0.1 M citrate buffer solution (pH 4.5) and
kept on ice until ready for injection. Four weeks after
the induction of diabetes, CS control rats and CS DM rats
were exposed to cigarette smoke at a TPM concentration of
200 μg L−1, which was based on our preliminary study, for
4 hours daily, and 5 days per week for 4 weeks. All rats were
euthanized at 8 weeks post-STZ or vehicle injection.

2.3. Measurement of blood parameters

Blood was collected from the abdominal aorta using 0.16%
K3-EDTA as an anticoagulant. Blood samples were collected

and centrifuged at 10 000g for 2 min to obtain the plasma.
Parameters including plasma HbA1c, high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C), TG, non-esterified fatty acids (NEFA), and blood urea
nitrogen (BUN) were analyzed using a 7180 clinical analyzer
(Hitachi, Tokyo, Japan).

2.4. Measurement of urine parameters

Urine samples were collected in metabolic cages and centri-
fuged at 3000 rpm for 20 min. The levels of urinary kidney
injury molecule-1 (KIM-1, R&D Systems, Minneapolis, MN,
USA), neutrophil gelatinase-associated lipocalin (NGAL,
Immunology Consultants Laboratory, Inc., Portland, OR, USA),
and albumin excretion (ALPCO, Westlake, OH, USA) were
determined using ELISA kits.

2.5. Histology and immunohistochemical (IHC) staining

Rat kidneys were fixed with 4% paraformaldehyde-lysine-peri-
odate before dehydrating and embedding in paraffin. The
5 μm tissue sections were stained with periodic acid-Schiff
(PAS, Abcam, Cambridge, MA, USA). The glomerular volume,
tuft area, and fractional mesangial area (FMA) were deter-
mined based on an analysis of randomly selected 15–20
glomeruli obtained from each stained kidney section. To evalu-
ate the collagen network in the kidney, specimens were
stained with Masson’s trichome (MT) staining kit (Sigma-
Aldrich, St Louis, MO, USA). The IHC analysis was performed
using anti-NGAL (1 : 400, Abcam, Cambridge, MA, USA), anti-
collagen 1 (COL-1, 1 : 400, Southern Biotech, Birmingham,
AL, USA), anti-cluster of differentiation 68 (CD68, 1 : 400;
Santa Cruz Biotechnology Inc., CA, USA), anti-nitrotyrosine
(NT, 1 : 200, Southern Biotech, Birmingham, AL, USA), and
anti-8-hydroxy-2′-deoxyguanosine (8-oxo-dG,1 : 200, Trevigen,
Gaithersburg, MD, USA) antibodies. Images were captured
with a Zeiss microscope equipped with Axio Cam HRC digital
camera and Axio Cam software (Carl Zeiss, Thornwood, NY,
USA). Staining intensities were quantified using Image-Pro
Plus 4.5 software (Cybernetics, Silver Spring, MD, USA).

2.6. Statistical analysis

All results were expressed as mean ± standard error (SE).
ANOVA was used to assess the differences between multiple
groups, followed by Fisher’s LSD test. The level of statistical
significance was set at a p-value less than 0.05.

3. Results
3.1. Physical and biochemical parameters

STZ-induced diabetic rats showed significantly reduced body
weight, increased blood glucose, HbA1c, HDL-c, LDL-c, TG,
and NEFA compared with age-matched control rats (Table 1).
In rats with DM, kidney weight-to-body weight ratio, urine
volume, and BUN were also significantly increased.
Interestingly, exposure to cigarette smoke significantly
decreased body weight of controls, but not diabetic rats.
Cigarette smoke also reduced plasma TG in both control and
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diabetic rats. Other physical and biochemical parameters in
control and diabetic rats were not affected by cigarette smoke.

3.2. Effect of cigarette smoke on kidney injury

NGAL and KIM-1 are established markers of kidney tubular
injury.34,35 The levels of kidney and urinary NGAL were signifi-
cantly increased in DM compared with control rats (Fig. 1A–C).
Urinary KIM-1 and albumin excretion, however, were not sig-
nificantly increased in DM under our experimental conditions
(Fig. 1D and E). Cigarette smoke significantly increased kidney
NGAL expression and urinary NGAL and KIM-1 excretion in
diabetic rats, but not in controls. Additionally, urinary
albumin excretion tended to increase in CS DM compared
with DM (p = 0.101), although it did not reach statistical
significance.

3.3. Effect of cigarette smoke on kidney morphology

To determine the effect of cigarette smoke on kidney mor-
phology, PAS staining was performed (Fig. 2A). Diabetes
increased glomerular volume and tuft area compared with

control (Fig. 2B and C). Cigarette smoke significantly increased
glomerular volume in control rats. Cigarette smoke also
tended to increase tuft area (p = 0.076) and FMA (p = 0.140) in
diabetic rats. FMA was only significantly increased in CS DM
among the 4 groups (Fig. 2D).

3.4 Effect of cigarette smoke on kidney inflammation and
fibrosis

Next, we measured kidney inflammation and fibrosis by stain-
ing the respective marker proteins. Positive staining for CD68
and MT/COL-1 suggested increased macrophage infiltration
and collagen accumulation, respectively, in diabetic kidney
(Fig. 3A–C). Furthermore, cigarette smoke significantly aggra-
vated macrophage infiltration and collagen accumulation in
diabetic rats, but not in controls.

3.5. Effect of cigarette smoke on oxidative stress

Oxidative stress plays a crucial role in the progression of
DKD.16,21 As expected, diabetic kidney showed a significantly
increased staining of 8-oxo-dG and NT (Fig. 4A and B).

Table 1 Physical and biochemical parameters of experimental animals

Control (n = 8) CS control (n = 6) DM (n = 8) CS DM (n = 8)

Body weight (g) 524 ± 7 425 ± 13* 246 ± 13* 246 ± 16*
Blood glucose (mg dL−1) 177 ± 5 147 ± 3 487 ± 24* 483 ± 19*
HbA1c (%) 5.4 ± 0.4 5.2 ± 0.4 11.5 ± 0.6* 10.6 ± 0.5*
HDL-c (mg dL−1) 22 ± 2 22 ± 1 34 ± 2* 37 ± 3*
LDL-c (mg dL−1) 6.6 ± 0.5 7.8 ± 0.6 10.7 ± 1.5* 9.1 ± 1.2
LDL-c/HDL-c 0.3 ± 0.3 0.4 ± 0.0 0.3 ± 0.1 0.3 ± 0.1
TG (mg dL−1) 154 ± 14 69 ± 16* 667 ± 97* 420 ± 62*#
NEFA (μEq per L) 195 ± 29 225 ± 38 391 ± 24* 408 ± 33*
Kidney/body weight (10−3) 3.0 ± 0.0 3.0 ± 0.1 6.0 ± 0.2* 6.0 ± 0.2*
Urine volume (mL) 3.7 ± 0.4 2.2 ± 0.5 7.6 ± 1.4* 10.2 ± 2.0*
BUN (mg dL−1) 14 ± 1 11 ± 0 25 ± 1* 21 ± 2*

Urine samples were collected in a metabolic cage for 4.5 h. Data were expressed as mean ± SE. *p < 0.05 vs. control rats, #p < 0.05 vs. DM rats.
HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; TG: triglyceride, NEFA, non-esterified fatty acids; BUN,
blood urea nitrogen.

Fig. 1 Effect of cigarette smoke on kidney injury. Paraffin-embedded kidney sections (5 μm-thick) were stained with NGAL antibody (A) and quan-
tified as shown (B). Original magnification, 200×; scale bar, 50 μm. The levels of urinary NGAL (C), KIM-1 (D), and albumin (E) were measured using
an ELISA kit. Data are expressed as mean ± SE of 6–8 rats per group. *p < 0.05 vs. control rats; #p < 0.05 vs. DM rats.
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Fig. 2 Effect of cigarette smoke on kidney morphology. Kidney sections were stained with a PAS staining kit (A). Original magnification, 200×; scale
bar, 50 μm. Glomerular volume (B), tuft area (C), and FMA (D) were analyzed using Image-Pro Plus 4.5.1. Data are expressed as mean ± SE of 6–8
rats per group. *p < 0.05 vs. control rats.

Fig. 3 Effect of cigarette smoke on kidney inflammation and fibrosis. Kidney sections were stained with CD68 antibody (A), MT (B), and COL-1 (C).
Original magnification, 200×; scale bar, 50 μm. *p < 0.05 vs. control rats; #p < 0.05 vs. DM rats.

Fig. 4 Effect of cigarette smoke on oxidative stress. Kidney sections were stained with 8-oxo-dG antibody (A) and NT (B). Original magnification,
200×; scale bar, 50 μm. *p < 0.05 vs. control rats; #p < 0.05 vs. DM rats.
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Cigarette smoke significantly increased 8-oxo-dG and NT stain-
ing in control kidney, and NT staining in diabetic kidney.

4. Discussion

The present data showed that inhalation of cigarette smoke
exacerbated kidney injury in STZ-induced diabetic rats.
Cigarette smoke significantly increased diabetic kidney
tubular injury, inflammation, fibrosis, and oxidative stress in
rats. Our present data are consistent with previous clinical
studies, which showed that cigarette smoke is a risk factor for
the progression of kidney disease.4–7 In addition, cigarette
smoke increased the kidney mesangial/glomerular area, and
the expression of fibronectin, and TGF-β in db/db mice,
regardless of its effect on control.36 Nicotine, a major com-
ponent of cigarette smoke, also increased kidney glomerular
volume, FMA, expression of fibronectin and Nox4 protein, NT
accumulation, and albuminuria in db/db mice, but not in
control db/m mice.25 Similarly, chronic nicotine exposure also
increased the kidney expression of KIM-1 protein and ROS pro-
duction in mice with ischemia-reperfusion (IR)-induced
kidney injury but not in control.37

Short-term exposure to cigarette smoke did not significantly
affect plasma glucose or lipid parameters, such as HbA1c,
HDL-c, LDL-c and NEFA in both diabetic as well as control rats
under the experimental conditions. Our study was consistent
with other studies showing that blood glucose was not affected
by cigarette smoke in high-fat diet (HFD)-fed mice.38 However,
smokers with type 1 diabetes showed worse glycemic control
and higher plasma TG levels in a clinical study.14 Species and
the amount/duration of cigarette smoke may determine the
effect of cigarette smoke on systemic metabolism.

Oxidative stress plays an important role in triggering dia-
betic microvascular complications including DKD.16,21

Cigarette smoke leads to redox imbalance. Nicotine increased
oxidative stress via upregulation of pro-oxidative p66shc
protein expression and downregulation of anti-oxidative
MnSOD expression in HFD-fed mice kidneys.38 Nicotine sig-
nificantly increased the protein level of Nox4,25 which is the
major source of ROS in the kidney. Interestingly, non-selective
Nox inhibitor, diphenyleneiodonium and apocynin, signifi-
cantly decreased nicotine-induced human mesangial cell pro-
liferation and fibronectin protein expression.26 VAS2870, a
selective Nox inhibitor, also significantly decreased nicotine-
induced ROS generation, and other antioxidants such as
N-acetyl-L-cysteine and 2,2,6,6-tetramethylpiperidinyl-1-oxy,
prevented nicotine-induced apoptosis in podocytes.39 In
addition to nicotine, cigarette smoke contains tar, carbon
monoxide, heavy metals, N-nitrosamines, polycyclic aromatic
hydrocarbons, nitro compounds, and aldehydes.40 Exposure to
heavy metals such as mercury, lead, and arsenic generates ROS
and induces oxidative stress in the kidney.41 Tar and TPM of
cigarette smoke contain high concentrations of free radicals,
such as semiquinones and carbon-centered radicals, which
also lead to oxidative stress.42 Additionally, nicotine-derived

nitrosamine ketone, a tobacco-specific N-nitrosamine,
increases oxidative DNA damage in lung and liver tissues of
mice and rats.43,44

Cigarette smoke may accelerate the progression of DKD in
part via non-neuronal nicotinic acetylcholine receptors
(nAChR) α3, α4, α7, and β1, which are the major subtypes
in the kidney.24,37,38 Treatment with nAChR α7-selective
antagonist or non-selective nAChR antagonist inhibited nic-
otine-stimulated oxidative stress and apoptosis in podocytes39

or human proximal tubular cells.45 Nicotine-induced
human mesangial cell proliferation was also blocked by
α-bungarotoxin (nAChR α7 antagonist), α-lobeline (nAChR α4/
β2 antagonist), and dihydro-β-erythroidine (nAChR α3/β2 and
α4/β2 antagonist).26 Nicotine-activated nAChRα7 inhibited
miR133 and miR590 expression in cultured atrial fibroblasts.28

The expression of miR133 and miR590 inhibits translation of
TGF-β and TGFRII, leading to collagen accumulation.
However, nicotine had an anti-inflammatory effect and pre-
vented IR-induced kidney injury.46 Treatment with nAChR
α3β4 agonist prevented diet-induced obesity and induced
energy expenditure.47 Interestingly, cigarette smoke signifi-
cantly decreased body weight in control, but not in diabetic,
rats in the present study. Gene Expression Omnibus database
(GSE30529 and GSE30528) analysis revealed lower levels of
nAChR expression in the kidney tubules of DKD patients and
higher nAChR expression in the glomeruli of DKD patients
compared with healthy controls (Fig. S1†). A comprehensive
study investigating the role of nAchR in cigarette smoke-
induced DKD is needed.

The clinical relevance of cigarette smoke exposure cannot
be quantified based on animal studies alone. Human smoking
behavior differs from animal behavior analyzed in experi-
mental studies due to the diversity of tobacco products avail-
able, the differences in individual smoking habits, as well as
the amount and duration of smoking in human. In our pre-
liminary study, we tested various concentrations of TPM
(100, 200, 400, and 600 μg L−1) in rats under normal con-
ditions for 4 weeks (unpublished data). Lethality was observed
in rats exposed to 400 and 600 μg L−1 TPM, presumably due to
CO intoxication. Therefore, 200 μg L−1 TPM represented the
highest possible concentration that diabetic rats were exposed
to for 4 weeks. The dose of 200 μg L−1 TPM was within the
ranges generally used in a number of animal toxicology
studies.48–52 Smoking a cigarette per day elevated plasma coti-
nine level to 10.9–19.3 ng mL−1 in human clinical studies.53–55

Based on the data, exposure to 200 μg L−1 TPM, which may
result in 140 50 or 330 ng mL−1 (ref. 48) of plasma cotinine,
corresponds to the consumption of approximately 7–30 ciga-
rettes per day. Accordingly, the exposure level in this study did
not exceed that of heavy smokers.

5. Conclusion

Cigarette smoke inhalation exacerbates diabetes-induced
kidney injury including inflammation, fibrosis, and oxidative
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stress, although significant kidney toxicity of cigarette smoke
is not detected in control rats. Our understanding of mecha-
nisms underlying kidney toxicity following exposure to ciga-
rette smoke may be further enhanced using the study protocol
reported.
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