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Abstract

Cigarette smoke exposure (CSE) during gestation and early development suppresses the growth 

trajectory in offspring. In prior studies utilizing a mouse model of ‘active’ developmental CSE 

(GD1-PD21), low birth weight induced by CSE persisted throughout the neonatal period and was 

present at the cessation of exposure at weaning with proportionally smaller kidney mass that was 

accompanied by impairment of carbohydrate metabolism. In the present study, littermates of those 

characterized in the prior study were maintained until 6 months of age at which time the impact of 

developmental CSE on the abundance of proteins associated with cellular metabolism in the 

kidney was examined. Kidney protein abundances were examined by 2D-SDS-PAGE based 

proteome profiling with statistical analysis by Partial Least Squares-Discriminant Analysis. Key 

findings of this study include a persistence of impact of developmental CSE past the original 

exposure period on the nucleic acid and carbohydrate metabolism networks and oxidant 

scavenging pathways.
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1. INTRODUCTION

Cigarette smoke is a complex mixture composed of the addictive stimulant nicotine as well 

as toxic gases such as carbon monoxide, pesticides, metals, and highly reactive small 
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molecules such as acrolein [1–10]. 'Active' cigarette smoke consumption in adults impairs 

kidney function with an impact on hypertension, diabetes, and cardiovascular disease [11–

15]. Despite extensive public health campaigns including product warning labels, nearly 

one-fifth of US women continue to smoke cigarettes during pregnancy [16–22]. Exposure of 

the fetus to toxic cigarette smoke results in an attendant increase in the risk of miscarriage, 

stillbirth, fetal intrauterine growth retardation, and low birth weight with an increased risk of 

ear infections, respiratory diseases, allergy/atopy, deficit/hyperactivity disorders, 

aggressiveness, neurocognitive delays and decreased cardiovascular health during early 

childhood [23–25]. At maturity, adults exposed to developmental cigarette smoke are at an 

increased risk of metabolic syndrome, cardiovascular disease and obesity [4, 26–29].

Similarly, in animal models, developmental cigarette smoke exposure (CSE) induces 

cardiovascular disease, hypertension, and a predisposition to obesity with a high fat diet 

challenge [30–33]. The putative link between developmental CSE and adult onset 

hypertension and cardiovascular disease may be attributed in part to a mild structural 

dysmorphology and proportionally smaller kidney size, which when coupled to obesity 

results in nephron hyperfiltration [34–37]. Obesity related glomerulopathy is exacerbated by 

reductions in nephron mass which together with obesity-induced changes in renal 

hemodynamics synergistically contributes to the development of glomerulopathy [38, 39]

It has been proposed that underlying metabolic dysfunction contributes to the propensity for 

adult onset disease in offspring developmentally exposed to cigarette smoke [30, 33, 40–43]. 

In our prior study of the impact of developmental CSE on kidney proteome profiles at 

weaning in a murine model of 'active' exposure that spanned gestation day 1 through 

postnatal day 21, we identified several metabolic pathways including glucose metabolism 

that were altered at a time point immediately after the cessation of exposure [41]. Parallel 

reports on the impact of this exposure paradigm on the liver and hippocampus proteomes, in 

the same offspring also at weaning, again identified impairment of glucose and small 

molecule metabolic pathways [44, 45] The study of the long term impact of developmental 

cigarette smoke exposure is herein presented as three manuscripts each detailing tissue-

specific toxicity (liver, kidney, hippocampus [46–48]) of systemic exposure while a fourth 

manuscript detailing behavioral abnormalities in these identical offspring was previously 

presented [49]. The present manuscript examines whether the impact of developmental CSE 

on the kidney proteome, specifically on the expression of metabolic proteins, persists past 

the withdrawal of exposure and into maturity. In future studies, we will examine the impact 

of dietary challenge following developmental cigarette smoke exposure on tissue-specific 

metabolic function.

2. MATERIALS AND METHODS

2.1. Animal Exposure

Detailed descriptions of the experimental methodology can be found within the lead 

manuscript (liver proteome profiles [47]) for the present series of reports of sustained 

toxicity of developmental exposure to cigarette smoke. An abbreviated methodology section 

follows.
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Adult C57B/6J mice were purchased from Jackson Labs (Bar Harbor, ME). Animals were 

housed and maintained (12 hour light/dark cycle; Purina LabDiet 5015) at the University of 

Louisville Research Resources Center. Female mice were age-matched at the outset of the 

study and timed pregnancies were obtained by overnight mating of a single mature male 

with two nulliparous females. The presence of a vaginal plug was considered evidence of 

mating and the time designated as gestational day 1 (GD1). Pregnant mice were weighed 

and randomly assigned to either the Sham-exposure (Sham n=9) or Cigarette Smoke 

Exposure (CSE; n=9) groups. Animals were exposed from GD1 throughout the entirety of 

gestation, and following parturition were exposed with offspring until PD21.

Cigarette smoke was generated from Philip Morris Marlboro Red brand cigarettesTM (Philip 

Morris; Richmond, VA; 15mg of tar/cigarette; 1.1mg nicotine/cigarette; additives), selected 

since it represents the most popular brand of cigarettes consumed among 18-25 year olds - 

the age group containing the majority of maternal smokers [50–53]. Cigarettes were smoked 

using the standard Federal Trade Commission method: a two second, 35 cm3 puff, once a 

minute for a total of 9 min [54]. For quality control purposes, dual exposure chambers (one 

receiving cigarette smoke and one receiving ambient air) were characterized twice during 

each daily exposure session for: total suspended particulates (TSP), temperature, carbon 

monoxide levels, and humidity.

At cessation of exposure on PD21, offspring were either euthanized for tissue collections or 

maintained into maturity for behavioral phenotyping at the Cincinnati Children’s Research 

Foundation Animal Behavioral Core [49]. At approximately 6 months of age, male offspring 

were euthanized by CO2 asphyxiation followed by cervical dislocation [49]. Blood was 

collected and tissues excised, rinsed in saline, and frozen at −800C until analysis. Individual 

kidney wet weights collected from randomly selected single male offspring representing 

individual litters in each group (n=9 for Sham and n=8 for CSE - note one kidney weight 

from CSE cohort is unavailable) were averaged and reported in Figure 1.

2.2. 2D-SDS-PAGE

The upper section of a single right kidney (~0.15 g) from 9 offspring per group, each 

offspring representing an individual litter, was homogenized in 7M urea, 2M thiourea, and 

40mM dithiothreitol (DTT). 400 μg of protein (Bradford assay; Bradford 1976) was 

separated by isoelectric focusing followed by SDS-PAGE on 12% gels at 65 V for 18 hours 

with cooling. Gels were stained for 3 days in Colloidal Coomassie Blue G-250 solution 

followed by water washes until a clear background was attained.

2.3. Image Analysis

Densitometric analysis of gel images (transmission scanning with Epson Expression 

10000XL; 16-bit grayscale) was performed with Progenesis SameSpots software (Nonlinear 

Dynamics; New Castle-on-Tyne, UK). Spot patterns were aligned with manual (~20 per gel 

representing 4 zones) and automatic seeds (~150 per gel). Protein spots were detected 

automatically. For each protein spot, intensity was measured, background subtracted, and 

spot pixel density normalized against total pixel density of all spots on each individual gel. 

Spots with less than or equal to an average normalized pixel depth of 4000 were designated 
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as noise and not included in the analysis. The averaged normalized spot abundances for each 

spot on gels from the CSE group were compared to the averaged normalized aligned spot 

from gels of the Sham group.

2.4. Statistical Analysis

Analysis of Variance (ANOVA, two way, p<0.05 as significant) and a series of Partial Least 

Squares-Discriminant Analysis (PLS-DA) models were utilized to determine the protein 

spots which differed in intensity and described the differences between the groups. Multiple 

PLS-DA models were constructed utilizing Variable Importance in Projection (VIP)-ranked 

protein spots of interest with recursive feature elimination identifying protein spots with 

VIP≥1.75 as important in defining the separation between groups. All protein spots included 

in further analysis were significantly different between groups based on ANOVA (p<0.05).

2.5. Identification of Protein Spots

Protein spots were excised and destained then dehydrated in acetonitrile (ACN), dried, 

rehydrated with 10 ng/μl trypsin suspended in 40mM NH4HCO3, and digested at room 

temperature overnight. The mass to charge ratio of peptides was determined by LTQ-

MS/MS with collision induced dissociation for structural feature identification. Peptide 

identification was performed with the Mascot (Matrix Sciences v 2.2.2) search algorithm 

utilizing the NCBInr (with decoy) database (updated Jan 4, 2011). Search parameters 

included: mammalian class; minimum of two peptide sequence hits with individual MOWSE 

(MOlecular Weight SEarch) probability scores greater than 45, up to 2 missed cleavages, 

variable carbamidomethyl C modification, enzyme trypsin/P, and peptide charge of 1+, 2+, or 

3+ permitted. A total MOWSE protein probability score greater than 60 was considered 

acceptable [55].

2.6. Ingenuity® Pathway Analysis (IPA)

Proteins of interest as determined by PLS-DA modeling and VIP ranking were loaded into 

the Ingenuity® Pathway Analysis search algorithm to determine metabolic pathways 

impacted (Ingenuity Systems, 2016). Proteins that represented the predominant contribution 

to the spot intensity, as determined by a minimum of 200% of the MOWSE score of the next 

ranked protein identified, were included. Networks of interactions between the proteins and 

biological pathways were generated with sub-categorization by increased or decreased 

abundance. For the canonical pathways analysis, the following settings were employed: 

Benjamin-Hochberg p-value greater than or equal to 1.5, a threshold of 0.5 z-score, and a 

Benjamin-Hochberg Multiple Testing Correction p-value utilized for scoring. In the 

associated figure (Figure 5), solid lines indicated a direct interaction while dotted lines 

indicate an indirect interaction. Geometric shapes identify classes of proteins: phosphatases 

(triangle), kinases (inverted triangle), enzymes (vertical diamond), transcription regulators 

(horizontal ellipse), transporters (trapezoid), and other important molecules (circles).

2.7. Western Blot

Twenty-five μg of total kidney protein homogenates were mixed 1:1 with Laemmli buffer 

(0.25M Tris pH 6.8, glycerol, 10% SDS, bromophenol blue trace) then heated at 70° C for 
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10 minutes and separated by 10% PAGE for 2 hours at a 100V in Tris-glycine run buffer 

(0.025 M Tris Base, 0.192 M glycine, 0.1% SDS). Electrophoretic transfer to PVDF 

membrane was followed by blocking and incubated overnight at 4°C with primary antibody 

diluted 1:500 in non-fat dry milk (SIRT1, sc-19857; PEPCK, sc-271029; PGC1α, sc-13067; 

Santa Cruz Biotechnology, Dallas, TX). Blots were incubated with secondary antibody 

complexed to horseradish peroxidase (1:1000, Santa Cruz Biotechnology, Dallas, TX) 

diluted in non-fat dry milk at room temperature for 1 hour. The reaction to 

chemiluminescence substrate was visualized then the blots were stripped and incubated with 

β-actin primary antibody (1:1000 dilution; sc-81173, Santa Cruz Biotechnology, Dallas TX) 

followed by secondary antibody incubation and visualization as described above [56].

2.8. Glutathione-S-Transferase (GST) and Glutathione Reductase (GR) Assay

Liver GST activity was measured as an indicator of detoxification activity [57]. The total 

GST activity of the liver was measured using the enzyme driven conjugation of 1-chloro-2, 

4-dinitrobenzene (CDNB) to reduced glutathione (absorbance read at 340 nm each minute 

for 15 minutes; Cayman Chemical Company). The absorbance per minute was divided by 

amount of protein (mg) to determine the specific activity for each sample [58]. Glutathione 

reductase activity was measured spectrophotometrically by mixing an aliquot of tissue 

homogenate with GSSG and measuring the GST enzyme driven conjugation to 1-chloro-2,4-

dinitrobenzene (CDNB) to reduced glutathione (absorbance read at 340 nm each minute for 

15 minutes; Cayman Chemical Company) [59].

3. RESULTS

3.1. Exposure Conditions and Offspring Weights

Mean CO and TSP levels in the cigarette smoke exposure chamber were 138 ± 19.8 ppm and 

25.4 ± 6.5 mg/m3, respectively with measures in the Sham group found to be less than the 

limit of detection for each assay [44]. Cotinine, a metabolite of nicotine, was used as a 

measure of CSE dose. Cotinine levels were greater than 50ng/mL in the CSE group 

indicating an 'active' exposure model with Sham exposure cotinine levels below the 

detection limit of 4 ng/mL. Low birth weight was evident in the CSE offspring (~15% 

decrease relative to) [44] with persistence of decrements in weight throughout weaning and 

into maturity (maintenance on Purina 5015 diet) [49]. As shown in Figure 1, decreased 

individual averaged kidney wet weights in the CSE offspring (~10% reduction, p=0.04) were 

evident at maturity. This reduction in kidney tissue weight in the CSE group was 

proportional to the reduction in animal weight measured at the time of cognitive and 

behavioral assessment and therefore likely reflects a generalized proportional decrease in 

organism weight rather than kidney specific reductions in mass [49].

3.2. Kidney Proteome Profiles

As shown in Figure 2, 2D-SDS-PAGE gels of kidney proteins from Sham and CSE mice 

were similar in total pixel density (Sham, 683905790 ± 29812764; CSE, 647331403 

± 34439370; p>0.05) at 6 months of age (~5 months since cessation of exposure to cigarette 

smoke) indicating that the variances in individual protein spot abundance were the relevant 

outcome rather than an over- or under-expression of total protein within the kidney of CSE 
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offspring. The proteins on the gels spanned an isoelectric focusing range of pH 3 to 10, with 

the acidic proteins on the left and the basic proteins on the right of the gel image and 

descending molecular weights ranging from ~80 kDa to ~11 kDa. Varying protein spot 

abundances were the predominant difference between groups. Variations in individual gel 

images included minor deviations in pI and MW coordinates for assigned spots that were 

then aligned with 5 seed spots within the image analysis program.

3.3. Partial Least Squares - Discriminant Analysis

Iterative PLS-DA models were generated encompassing spot abundances of all proteins not 

determined to be noise with sequential removal of VIP-ranked protein spots contributing to 

the separation of groups and re-plotting of group separation until the loss of separation of 

groups was evident. Sixty-two protein spots (VIP≥1.5) were found to contribute to the 

separation in proteome profiles between the Sham and CSE groups. As shown in Figure 3A, 

when the abundances of all protein spots was included (noise excluded) the first latent factor 

accounted for 84% of the variance between the Sham and CSE groups and the second latent 

factor accounted for an additional 14% of the variance. As shown in Figure 3B, the 

combined descriptor representing individual protein spot abundances that comprise the 

proteome profiles of the Sham and CSE groups are distinct. The separation between the 

groups is depicted by graphing latent factors 1, 2 and 3.

3.4. Proteins Impacted by CSE

In Figure 4, a 2D-SDS-PAGE protein spot map is shown with numbers labeling the 62 

protein spots identified as describing the separation between the Sham and CSE groups 

based on VIP>1.75 rankings as determined by Partial Least Squares-Discriminant Analysis. 

All proteins with p≤0.10 are also labeled in the figure as well as several protein spots used as 

markers that were not designated as altered in the kidney several months after withdrawal of 

CSE. For several spots (n=15), more than one protein was identified indicating that a 

mixture of proteins with similar isoelectric focusing point and molecular weight were 

present within the spot. Proteins that represent the predominant contribution to the spot 

intensity (as determined by a minimum of 200% of the MOWSE score of the next ranked 

protein identified) were included in the putative identification of nodes of interest within the 

networks impacted by developmental CSE see Tables 1 and 2). Of the 15 spots composed of 

multiple proteins (the intensity of 6 spots decreased, and that of 9 spots increased), a 

dominant protein attributed to the spot could be identified and was included in the 

Ingenuity® Pathway Analysis. The spots with multiple proteins present, but in which a 

dominant protein could be identified include: Spots 18, 23, 28, 38, 48, 66. The analysis did 

not include proteins from Spot 30 (and similar spots) since the relative MOWSE scores for 

identification of the multiple proteins within the spot were similar and therefore a single 

likely candidate for alteration in abundance could not be identified. In Spot 18, both proteins 

identified were aldehyde dehydrogenase family members and thus it was included in the 

analysis.

Dominant or single proteins with altered abundance in kidneys of CSE mice were grouped 

by membership in metabolic networks via IPA analysis. As shown in Figure 5, a majority of 

proteins with altered abundance in the kidney of 6 month old mice that underwent prior 
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developmental CSE belonged to the nucleic acid metabolism, small molecular biochemistry, 

and carbohydrate metabolism pathways. Key nodes which may be affected in the adult 

kidney by developmental CSE include: HNF4α (Hepatocyte nuclear factor 4α) and Insulin. 

Each of these nodes plays a critical role in regulating glucose utilization.

The kidney proteins listed in Table 1 are decreased in abundance in 6 month old offspring 

that underwent prior developmental CSE (GD1-PD21). Proteins that are part of the small 
molecule biochemistry network remain decreased in abundance approximately 5 months 

after the discontinuation of the smoke exposure. Calreticulin, aldolase B, glyceraldehyde-3-

phosphate dehydrogenase, and enoyl coenzyme A hydratase 1 were found to be decreased in 

abundance in our prior study of the kidney proteome at the time of cessation of 

developmental CSE and also were found, in the present study, to be decreased in abundance 

in the previously developmentally exposed kidney at maturity. Two enzymes linked to the 

nucleic acid metabolism network that were identified in our prior study of the kidney 

proteome (at the cessation of exposure) also remained decreased in abundance at maturity: 

aldolase B and glyceraldehyde-3-phosphate dehydrogenase. These proteins, however, retain 

redundant membership in multiple metabolic networks.

As listed in Table 2, several proteins that are members of the lipid metabolism, small 
molecule and carbohydrate metabolism pathways were increased in abundance in kidneys of 

6 month old offspring (~5 months after cessation of CSE). Lambda crystallin, ATP synthase, 

H+ transporting, mitochondrial F1 complex, alpha subunit, aldehyde dehydrogenase family, 

subfamily A1, acetyl-Coenzyme A acetyltransferase 1, glutamate oxaloacetate transaminase 

2, sorbitol dehydrogenase, ketohexokinase (also called fructokinase) were found in protein 

spots with increased abundance. Unaltered proteins that were identified in reference spots 

(checks of molecular weight and prior study comparison) are listed in Table 3.

3.5. Carbohydrate Metabolism Impacted by CSE

The top six canonical pathways impacted at 6 months of age in offspring exposed 

throughout development (GD1-PD21) to cigarette smoke are carbohydrate metabolic 

pathways which share common members (Figure 6). The abundance of four proteins 

belonging to the Gluconeogenesis pathway included aldolase B (Spot 43, decreased 45%), 

fructose-bisphosphate aldolase B (Spot 42, decreased 46%), glyceraldehyde-3-phosphate 

dehydrogenase (Spots 46 and 47, each decreased 40%), and malate dehydrogenase (Spot 44, 

increased 73%) were altered in abundance at 6 months of age following developmental 

cigarette smoke exposure. The Glycolysis pathway shared a decrease in abundance of three 

of these proteins: aldolase B, fructose-bis-phosphatase, and glyceraldehyde-3-phosphate 

dehydrogenase. The Sucrose Degradation V pathway included both aldolase B (Spot 42, 

decreased 46%) as well as ketohexokinase (Spot 54, increased 12%). The Maturity Onset 
Diabetes of Young signaling pathway included aldolase B and glyceraldehydre-3-phosphate 

dehydrogenase with the gluconeogenesis/glycolysis pathways. The Sorbitol Degradation I 
pathway consisted of a single member, sorbitol dehydrogenase (Spot 29, increased 28%). A 

lack of clear information on directionality of suppression of glucose synthesis/catabolism 

created challenges in determining whether both pathways were equally suppressed.
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Follow-up studies of the expression level of SIRT1, a metabolic activity regulator, and the 

key regulatory enzyme in gluconeogenesis, phosphoenolpyruvate carboxykinase, revealed a 

trend toward decreased expression of basal gluconeogenesis within the fed state (Figure 7A 

and 7B). When paired to the finding of reduced serum glucose levels in the parallel study on 

liver tissue-specific toxicity in these same animals [47], these findings likely indicate 

systemic aberrant responses to insulin signaling or possible hyperinsulinemia. Insulin 

expression and signaling were not assessed within the current study.

Amino acid degradation was increased in kidneys at age 6 months of offspring within the 

CSE group, Glutamate oxaloacetate transaminase 1 (Spot 26, increased 37%) and malate 

dehydrogenase 2 (Spot 44, increased 73%) were members of the Aspartate Degradation II 

pathway and are both mitochondrial proteins. Several other mitochondrial proteins were 

increased in abundance including ATP synthase 5A1 (Spot 20, increased 126%), ATP 

synthase, H+ transporting, beta unit (Spot 37, increased 24%), and the voltage dependent 

anion channel 1 (Spot 48, increased 80%) indicating that mitochondrial activity or number is 

likely increased in the CSE offspring at 6 months of age. This added respiratory function 

would necessitate increased capacity for oxidant scavenging and indeed this is evidenced by 

the increased abundance of glutamate-cysteine ligase (Spot 55, increased 20%, glutathione 

synthesis) paired with increased glutathione peroxidase (Spot 63, increased 17%) and 

peroxiredoxin (Spot 63) in the CSE offspring. The specific activity of glutathione-S-

transferase and glutathione reductase was not impacted in the CSE offspring.

4. DISCUSSION

In utero cigarette smoke exposure results in low birth weight with proportionally smaller 

organ size [60-63]. In the kidney, developmental CSE alters the shape of the proximal and 

distal convoluted tubules, reduces the proximal tubule cuboidal epithelium thickness, and 

yields immature glomeruli in neonates [64, 65]. As previously demonstrated, 'active' CSE 

during pre- and post-natal development, including the entirety of kidney organogenesis, 

results in low birth weight that is coupled to decreased offspring weights throughout 

postnatal development, although the rate of growth is unaffected [44]. Proportional 

decreases in offspring weight, crown-rump length, brain wet weight, and kidney weight in 

CSE offspring were observed [41, 61, 66].

In the current study, developmental exposure to an 'active' cigarette smoking paradigm 

results in persistently smaller offspring at maturity without evidence of catch up growth or 

obesity when offspring were maintained on a standard diet containing 12% of fat [49]. The 

persistently smaller phenotype of exposed mice includes proportionally smaller kidney mass 

coupled to sustained alterations in kidney proteome profiles. Decrements in kidney weight, a 

pseudomarker for decreased nephron count, were coupled to persistently decreased 

abundance of calreticulin. Decreased levels of calreticulin may also impact nephron count as 

calcium signaling is essential for the conversion of the metanephric mesenchyme into the 

functional nephron epithelium. The impact of developmental CSE on nephron count and 

morphology may contribute to the development of high blood pressure [67] or high-fat diet 

induced obesity [32]. We suggest that renal hyperfiltration and glomerular disease associated 

with a high-fat diet induced obesity paradigm may be exacerbated by the present model 
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system of 'active' cigarette smoke exposure throughout early development since increased 

nephron count and kidney mass do not accompany visceral fat accumulation [68]. Rather, 

reduced nephron number and kidney mass prior to obesity may increase the susceptibility to 

obesity-induced renal disease [69]. We plan to test this hypothesis in future studies.

As in our prior report at the time of animal weaning, the impact of developmental CSE on 

the kidney proteome at the cessation of exposure, the abundance of antioxidant enzymes 

Cu/Zn superoxide dismutase and glutathione peroxidase remained decreased in the CSE 

kidneys at maturity. Coupled with the finding of increased abundance of glutathione 

peroxidase and glutamate-cysteine ligase modifier subunit, and a lack of impact on the 

glutathione dependent antioxidant enzymes activities (GST and GR; Figure 8), we interpret 

this outcome as indicative of alterations in post-translational modification of these enzymes 

that do not inhibit function but may act as predisposing effectors with a subsequent 

challenge such as high dietary fat intake.

Of particular note in this study are the decreased abundance of three metabolic enzymes 

(Glyceraldehyde-3-phosphate dehydrogenase, Aldolase B, Fructose-1, 6-bisphosphatase) 

from the gluconeogenesis pathway. Aldolase B and Glyceraldehyde-3-dehydrogenase are 

also part of the glycolytic pathway. The decrease in abundance of these enzymes in the 

kidney of mature offspring who were developmentally exposed to cigarette smoke, coupled 

to the approximate 20% reduction in serum glucose levels in these animals [47] and the 

trend toward a reduction in tissue-specific PEPCK expression, indicates a deficit in glucose 

availability that may contribute to the decrements in growth and weight that are evident from 

birth and continue to maturity. It also appears that galactose utilization to produce glucose 

may be stimulated in the kidney of mature offspring developmentally exposed to cigarette 

smoke since galactose kinase abundance was increased. In contrast, within the liver of CSE 

offspring at 6 months of age, inappropriately timed gluconeogenesis appears to be occurring. 

This disparate, inverse relationship between hepatic and renal gluconeogenesis in the fed 

state may indicate an increased attempt to elevate basal gluconeogenesis by the liver which 

is not matched within the kidney. Indeed both tissues exhibited suppressed SIRT1 activation 

in the fed state but a disparate response by the gluconeogenesis pathway that may indicate 

tissue-specific involvement of the AMPK signaling network.

In contrast, increased abundance of sorbitol dehydrogenase and ketohexokinase in the 

kidney of mature offspring who were exposed throughout development (GD1-PD21) to 

cigarette smoke indicate a possible increase in conversion of glucose to fructose via the 

sorbitol pathway (sorbitol dehydrogenase protein spot abundance increased) and subsequent 

metabolism to produce the gluconeogenic precursor glyceraldehyde 3-phosphate or 

alternatively to proceed on to production of the lipogenic substrate pyruvate. We found that 

the abundance of malate dehydrogenase 2 (mitochondrial form) was increased substantiating 

the likely increased activity of the lipogenic pathway. Triglyceride levels in serum were 

unaltered in the mature exposed offspring (data not shown).

In summary, the current study examined the proteome profiles of the intact kidney from 

mature offspring (aged 6 months) who were previously developmentally exposed to CSE 

from GD1-PD21. At the time of cessation of exposure to cigarette smoke (PD21), proteins 
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involved in calcium signaling, lipid metabolism, and small molecule metabolism were 

decreased in abundance in the kidney, and oxidant scavenging enzymes, small heat shock 

proteins and lambda crystallin were increased in abundance [46]. As described in the current 

study of offspring five months past the cessation of exposure to cigarette smoke 

carbohydrate and small molecule metabolism as well as calcium regulation are again altered. 

The impact of developmental CSE on epigenetic programming of kidney metabolic function 

is the subject of future studies.
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Highlights

• Developmental CSE induces impairment of carbohydrate metabolic 

pathway protein expression.

• Oxidant scavenging pathways are impaired in adults by developmental 

CSE.

• Decreased protein abundances within the nucleic acid metabolic 

pathways evident in mature CSE offspring
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Figure 1. Kidney tissue wet weights were reduced at 6 months of age following developmental 
exposure to cigarette smoke (GD1-PD21)
Kidneys from offspring exposed to either filtered air (SHAM, n=9) or a protocol of "active" 

cigarette smoking (CSE, n=8) during development were weighed following animal 

euthanization at 6 months of age (*p<0.05). Long horizontal lines indicate mean weight, 

with the standard deviation represented by the shorter horizontal bars.
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Figure 2. Side-by-side comparison of protein spot patterns of kidney from the Sham and 
developmental CSE groups
A side-by-side comparison of kidney protein spot separation based on isoelectric focusing 

point (horizontal) and molecular weight (vertical) in the two experimental groups (Sham-

left; CSE-right). The gels are similar with regard to the number of spots without the 

appearance or loss of spots between groups.
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Figure 3. 
Figure 3A: Variable importance in projection. Protein spots present on gels from the Sham 

and developmental CSE groups were analyzed by PLS-DA (n=9 per group, biological 

replicates). Description of the separation of groups by latent factors found that 99% of the 

variance between groups could be described by two latent factors.

Figure 3B: Plotting latent factors from the PLS-DA model shows differences in the kidney 

protein spot patterns of the Sham and developmental CSE groups at 6 months of age. All 

protein spots (excluding noise) were included in the calculation of VIP rankings and the 

graphing of the separation of groups by latent factors.
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Figure 4. Kidney proteome profiles of 6 month old offspring previously developmentally exposed 
to cigarette smoke
The proteins with altered abundance that contributed to the separation of the groups within 

the PLS-DA model and possessed the highest VIP values (≥1.75) are numbered (as well as a 

limited selection of unaltered proteins) Refer to Tables 1–3, for a listing of proteins 

identified in each spot.
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Figure 5. The top six ranked protein interaction networks and pathways impacted within the 
liver of adult offspring who were previously developmentally exposed to cigarette smoke
The distance from the threshold value (vertical, orange line) depicts the intensity of change 

between Sham exposure and CSE groups.
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Figure 6. Nucleic acid metabolism, small molecule biochemistry, and carbohydrate metabolism 
pathways in the adult kidney affected by developmental CSE
Kidney proteins identified as contributing to the separation of groups (Sham exposed and 

CSE) are shadowed and connected to the network by arrows denoting directionality of 

interaction. Solid lines indicated a direct interaction while dotted lines indicate an indirect 

interaction. Geometric shapes identify classes of proteins: phosphatases (triangle), kinases 

(inverted triangle), enzymes (vertical diamond), transcription regulators (horizontal ellipse), 

transporters (trapezoid), and other important molecules (circles). Red indicates increased 

abundance while green indicates decreased abundance in the CSE group. Abbreviations are 

defined in Tables 1 and 2.
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Figure 7. 
Figure 7A: Western blot analysis of SIRT1 expression in whole kidney homogenates from 6 

month old offspring previously exposed on GD1-PD21 to cigarette smoke. Kidney 

homogenates from CSE offspring at age 6 months exhibited a decrease of approximately 

30% in expression of the metabolic regulatory protein SIRT1 when compared to Sham 

exposed (*p<0.05; n=3 per group). Long horizontal lines indicate mean signal intensity, with 

the standard deviation represented by the shorter horizontal bars.

Figure 7B: Western blot analysis of PEPCK expression in whole kidney homogenates from 6 

month old offspring previously exposed GD1-PD21 to cigarette smoke. Kidney 

homogenates from CSE offspring at age 6 months exhibited an increase of approximately 

70% in PEPCK expression in the fed state when compared to Sham exposed (*p<0.05; n=4 

per group). Long horizontal lines indicate mean signal intensity, with the standard deviation 

represented by the shorter horizontal bars.
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Figure 8. Antioxidant enzymatic activity in kidney of Sham and developmental CSE offspring at 
age 6 months
Antioxidant enzyme specific activity was not compromised in the kidney of CSE offspring 

(n=4 per group).
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Table 3
Identified proteins with no change in abundance and which did not contribute to the 
separation of kidney proteome profiles of mature offspring previously exposed to cigarette 
smoke during development (GD1-PD21)

VIP (Variable Importance in Projection); GI Number (NCBI protein sequence GenInfo Identifier).

Spot GI Number Name VIP

7 No ID 0.08

27 6647554 isocitrate dehydrogenase [NADP] cytoplasmic 0.05

11 No ID 1.36

12 No ID 1.40

14 70794816 hypothetical protein LOC433182 1.33

19 21431774 fumarate hydratase, mitochondrial 1.44

24 6996911
202423

argininosuccinate synthetase 1
phosphoglycerate kinase

1.38

41 No ID 1.27

50 13097375 electron transferring flavoprotein, alpha polypeptide 1.40

52 387129 cytosolic malate dehydrogenase 1.35

61 No ID 1.78

67 No ID 1.20

68 29789289 mitochondrial short-chain enoyl-coenzyme A hydratase 1 1.47

70 10092608 glutathione S-transferase, pi 1 1.37

72 No ID 1.27

75 31542438 cytochrome b5 type B precursor 1.27

76 7305599 transthyretin 0.09

78 122441 hemoglobin subunit alpha 1.42

80 229301 hemoglobin beta 1.37

82 6680748 ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit, isoform 1 1.31
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