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Abstract
The Brenner hypothesis states that a congenital reduction in nephron number predisposes to adult-
onset hypertension and renal failure. The reduction in nephron number induced by proportionally
smaller kidney mass may predispose offspring to glomerular hyperfiltration with maturity onset
obesity. Developmental cigarette smoke exposure (CSE) results in intrauterine growth retardation
with a predisposition to obesity and cardiovascular disease at maturity. Utilizing a mouse model of
‘active’ developmental CSE (gestational day [GD] 1-postnatal day [PD] 21; cotinine>50 ng/mL)
characterized by persistently smaller offspring with proportionally decreased kidney mass, the
present study examined the impact of developmental CSE on the abundance of proteins associated
with cellular metabolism in the kidney. Following cessation of CSE on PD21, kidney tissue was
collected from CSE and Sham exposed pups for 2D-SDS-PAGE based proteome profiling with
statistical analysis by Partial Least Squares-Discriminant Analysis (PLS-DA) with affected
molecular pathways identified by Ingenuity Pathway Analysis. Proteins whose expression in the
kidney were affected by developmental CSE belonged to the inflammatory disease, cell to cell
signaling/interaction, lipid metabolism, small molecule biochemistry, cell cycle, respiratory
disease, nucleic acid and carbohydrate metabolism networks. The present findings indicate that
developmental CSE alters the kidney proteome. The companion paper details the liver proteome
alterations in the same offspring.
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1. INTRODUCTION
Approximately 20% of women smoke throughout pregnancy (Centers for Disease Control
and Prevention, 2001). Non-facilitated transfer of small molecular weight and highly water
soluble components of cigarette smoke across the placenta results in exposure of the fetus to
the toxic compounds contained in cigarette smoke. Cigarette smoke is a heterogenous
mixture of chemical compounds including nicotine, acetone, acrolein, carbon monoxide,
toxic metals (lead, arsenic, cadmium, mercury), and polycyclic aromatic hydrocarbons such
as benzo(a)pyrene (Rahman and Mac Nee, 1996; Sisman et al., 2003; Kyerematen and
Vesell, 1991; Shah and Helfant, 1988; Zavos, 1989; Stack and Murthy, 2010). In
epidemiological studies, developmental cigarette smoke exposure is associated with
numerous adverse fetal outcomes including in utero growth restriction, low birth weight, and
stillbirth (March of Dimes, 2010; Centers for Disease Control and Prevention. 2010). In
rodent models, a similar host of developmental abnormalities following prenatal cigarette
smoke exposure (CSE) are observed including low birth weight and functional impairments
such as delayed cognitive development (Zdravkovic et al., 2005; Boadi et al., 1992; Shea
and Steiner, 2008; Tomatis, 1989; Esposito et al., 2008).

Low birth weight is a risk factor for multiple maturity onset diseases including diabetes,
hypertension, and cardiovascular disease (March of Dimes, 2010). Low birth weight and
nephron number are linked through proportional reductions in kidney mass (Hughson et al.,
2003). Both are positively associated with the development of hypertension (Abitbol and
Ingelfinger, 2009). The putative link between developmental CSE and adult onset
hypertension and/or cardiovascular disease may be attributed in part to mild structural
dysmorphology and proportionally smaller kidney size (Czekaj et al., 2002; Nelson et al.,
1999). In utero passive CSE at defined developmental windows (pre-, during, and post-
organogenesis) induced growth retardation paired with increased kidney cellular apoptosis,
delayed glomerular maturation, and mesenchymal histological abnormalities (Nelson et al.,
1999). It remains unknown whether kidney metabolic activity contributes to the
development of hypertension and chronic kidney disease in adulthood. The present study
examined the impact of developmental CSE on the kidney proteome - specifically on the
expression of metabolic proteins - in a mouse model of “active” CSE that results in reduced
animal weight with attendant decreases in organ mass including that of the kidney.

2. MATERIALS AND METHODS
2.1 Animals

Adult C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
Animals were housed by the University of Louisville in a dedicated room at 22°C, with a 12
hour alternating light/dark cycle, and were maintained on Purina LabDiet #5015 and water
ad libitum. Timed pregnancies were obtained by overnight mating of a single mature male
with two nulliparous females (plug positive designated GD0).

2.2 Cigarette Smoke Exposure Model
On GD0, mouse dams were randomly assigned to either the Sham exposure (n=9) or
cigarette smoke exposure (CSE; n=9) group. Dams (and subsequent litters) were exposed to
ambient air (sham-exposed controls) or cigarette smoke for 6 hours per day, seven days per
week, from GD0 through PD21 as per the companion article (Canales et al., 2012).

On PD21, Sham exposed and CSE animals were euthanized by CO2 asphyxiation followed
by cervical dislocation. Kidneys were dissected and immediately stored at −80°C until
analysis. Kidney wet weights from the offspring utilized in this study as well as additional
experimental animals were determined for a total of 18 Sham exposed and 12 CSE kidneys.
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A single kidney each from two pups per litter was weighed (n=9 Sham litters and 6 CSE
litters). The remaining pups from each litter were followed until adulthood with assessment
of cognitive function and other measures of neurodevelopment (subject of future
manuscript).

2.3 Proteomics Analysis
Detailed experimental procedures are given in the companion paper relating the impact of
developmental CSE on liver proteome profiles (Canales et al., 2012). In brief, kidney tissue
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 with Coomassie Blue dye for visualization of protein spots and densitometric
analysis performed with Progenesis SameSpots software (Nonlinear Dynamics; New Castle-
on-Tyne, UK). Protein spots of interest were identified by LTQ-MS/MS with collision
induced dissociation and MASCOT searching of the NCBInr database. A total MOWSE
protein probability score greater than 100 was considered acceptable (Neuhoff et al., 1985).

Partial Least Squares-Discriminant Analysis (PASW Statistics 18) was used to describe the
separation of the Sham exposed and CSE groups (Karp et al., 2005). Variable Importance in
Projection (VIP) score ranking of proteins spot abundances was utilized to identify putative
proteins of interest with an empirically determined cutoff point (Karp et al., 2005). Ingenuity
Pathway Analysis was used to determine metabolic pathways related to proteins in the
kidney whose levels were altered by developmental CSE and that were identified by PLS-
DA as features describing the differences between groups (Ingenuity Systems, 2010).

3. RESULTS
3.1. Exposure Conditions and Neonatal Outcomes

The sham/cigarette smoke inhalation exposure chamber conditions and the developmental
outcomes of the Sham exposed and CSE groups are identical to those in the companion
paper examining the impact of developmental CSE on liver proteome profiles (Canales et
al., 2012) and similar to the outcomes of our prior report establishing this model (Esposito et
al., 2008). The model system employed for the current study is an “active” exposure
paradigm with serum cotinine levels in the dams and pups greater than 50 ng/mL. This
model exhibits a decrease in birth weight that persists through cessation of exposure at
weaning on PD21 (13.2% decrease in weight of CSE offspring). Dam weights, number of
pups, viability, and sex ratio were not impacted by CSE. At parturition, litters were
maintained without culling or fostering.

As shown in Figure 1, offspring kidney wet weights were decreased in the CSE versus the
Sham exposed groups at PD21 (p<0.01) by ~15%, similar to our previously published
decrements in fetal body and brain weights in this mouse model (Esposito et al., 2008). The
ratio of offspring kidney wet weight per total body weight was not impacted by
developmental cigarette smoke exposure. A single kidney sample per litter from
representative litters (9 Sham and 9 CSE) was utilized for proteome profiling.

3.2. Kidney Proteome Profiles
Representative 2D-SDS-PAGE gels of kidney proteins from Sham exposed and CSE
offspring are shown in Figure 2. The proteins on the gels spanned an isoelectric focusing
range of 3 to 10, with the acidic proteins on the left and the basic proteins on the right of the
gel image, and with descending molecular weights ranging from ~80 kDa to ~11 kDa.
Several protein spots were identified to validate the molecular weight range. The spot
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patterns of the kidney proteins from Sham exposed and CSE groups were similar with
varying protein spot abundance as the predominant difference between groups.

3.3. Partial Least Squares-Discriminant Analysis
An empirical fold change minimum (e.g.: 2-fold change) was not employed as a cutoff for
determination of significance of impact of protein spot density. Rather, a ranked order of
importance (Variable Import in Projection: VIP) of protein spot densities was utilized in
defining the differences between groups after building a multivariate inverse least squares
discriminant model to classify sample groupings. Noise, identified by a sharp increase in
slope of 3-D plot of spot pixel density or an aggregate normalized pixel depth of less than
1000, was removed from the dataset prior to PLS-DA modeling. Sequential PLS-DA models
were generated with the stepwise exclusion of the bottom twenty VIP ranked protein spots
until a gradual loss of separation of the groups was evident in a three dimensional plot of the
top 3 latent factors. Approximately 45 protein spots (VIP≥ 1.5) were found to contribute to
the separation in kidney proteome profiles between the Sham exposed and CSE groups. As
shown in Figure 3A, when abundances of all proteins were included (noise excluded), the
first latent factor accounted for 58% of the variance between the Sham exposed and CSE
groups and the second latent factor accounted for an additional 32% of the variance. As
shown in Figure 3B, the proteome profiles of the Sham exposed 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 representative 2D-SDS-PAGE kidney protein spot map is shown with color
coded numbers labeling the top 45 protein spots (based on VIP 1, 2, or 3 rankings)
describing the differences between the Sham exposed and CSE kidney proteome profiles as
determined by Partial Least Squares-Discriminant Analysis. The proteins with decreased
abundance are labeled with a blue number, while the proteins with increased abundance are
shown by a green number. The proteins (decreased and increased abundance) contributing to
the separation of groups according to the PLS-DA model are listed in Table 1. For several
spots, more than one protein was identified indicating that a mixture of proteins with similar
isoelectric focusing point and molecular weight are present within the spot.

3.5. Ingenuity Pathway Analysis
Proteins identified in spots contributing to the separation between the groups were
categorized as increased or decreased in abundance in the kidney of the CSE group and
imported for IPA analysis. 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 identification of nodes of interest within the affected
networks (see Table 1). The analysis did not include proteins from Spot 4 (and similar Spots
3, 6, 13, 14, 16, 20, 21, 23, 24, 27, 35, 37, 39, 40) 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 1, this is not the
case. Aldo-keto reductase family 1, member A4 is clearly the dominant protein in the spot
(MOWSE score 671) while D-amino acid oxidase is present in much lower abundance
(MOWSE score 138). In this case, Aldo-keto reductase family 1, member A4 was included
in the IPA analysis.

In the associated figures, solid lines indicate a direct interaction while dotted lines indicate
an indirect interaction. Geometric shapes identify classes of proteins: cytokines (square),
growth factors (dotted square), phosphatases (triangle), kinases (inverted triangle), ligand-
dependent nuclear receptors (rectangle), G-protein coupled receptors (vertical rectangle), ion
channels (dotted vertical rectangle), peptidases (horizontal diamond), enzymes (vertical
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diamond), transcription regulators (horizontal ellipse), transmembrane receptors (vertical
ellipse), transporters (trapezoid), and other important molecules (circle).

3.5.1. Proteins With Decreased Abundance in the Kidney of CSE Mice—
Dominant or single proteins with decreased abundance in kidneys of CSE mice were
grouped by membership in metabolic networks via IPA analysis. Proteins in Spots 1, 2, 7, 9,
18 consisting respectively of: Aldoketoreductase family 1, member A4; Aldoketoreductase
family 1, member B1; Acetyl-coenzyme A acetyltransferase 1 precursor; Mitochondrial
short-chain enoyl-coenzyme A hydratase 1; and Calbindin-28K are members of the lipid
metabolism network. Proteins in Spots 1, 2, 7, 9, 11, 13, 14, 15, 17, 18, 19, 22, 24 consisting
respectively of: Aldoketoreductase family 1, member A4; Aldoketoreductase family 1,
member B1; Acetyl-coenzyme A acetyltransferase 1 precursor; Mitochondrial short-chain
enoyl-coenzyme A hydratase 1; Peroxiredoxin 1; Aldolase B; Malate dehydrogenase 2;
Mitochondrial ATP synthase beta subunit; Calreticulin; Calbindin-28K; Transferrin;
Glycerol-3-phosphate dehydrogenase; and Carbonic anhydrase II are members of the small
molecule biochemistry network.

Figure 5 depicts a portion of the lipid metabolism and small molecule biochemistry
networks. Proteins with decreased abundance in the CSE group are shaded in gray. A central
node in the network is Solute Carrier Family 2 (Facilitated Glucose Transporter Member 4).
The following protein spots were linked to this node: Spot 7 (Acetyl-CoA acyltransferase
2), Spot 9 (Mitochondrial short-chain enoyl-coenzyme A hydratase 1), Spot 13 (Aldolase
B). Spots with multiple proteins of equivalent abundance also support the designation of
alteration in this pathway, although the designation of a decrease in pixel density of these
spots cannot be unambiguously attributed to the specific network member protein. The
following proteins are part of this network however more than one protein was present in the
spots: Spot 3 (Voltage-dependent anion channel 2, Electron transfer flavoprotein alpha
polypeptide); Spot 6 (Enolase 1); Spot 21 (Aldehyde dehydrogenase 6 family, member A1).
Homogentisate 1, 2-dioxygenase (Spot 6) is listed in the network but not shown in the
figure. For Spot 3, both proteins identified as present in the spot belong to this node.
Similarly for Spot 6, two of the three proteins present were related to this node. Seven
proteins present in Spots 3, 6, 7, 9 and 13 were considered supportive of the designation of a
probable alteration in the SCF2 node of the lipid metabolism and small molecule
biochemistry networks in kidney of CSE offspring. Though other nodes exist in this
network, limited individual protein spot identifiers were linked to these nodes.

Three additional networks contained proteins with decreased abundance in the kidney of
CSE mice. The following proteins in Spots 2, 6, 12, 13, 15, 21, 22 of the nucleic acid
metabolism network were decreased: Aldoketoreductase family 1, member B1;
Homogentisate 1,2-dioxygenase; Glyceraldehyde-3-phosphate dehydrogenase; Aldolase B;
Mitochondrial ATP synthase beta subunit; 3-oxoacid CoA transferase 1; and Glycerol-3-
phosphate dehydrogenase. For the respiratory disease network, proteins in Spots 11, 12, 19,
and 24 consisting of: Peroxiredoxin 1; Glyceraldehyde-3-phosphate dehydrogenase;
Transferrin; and Carbonic Anhydrase were decreased in abundance in the kidney following
developmental CSE. The inflammatory disease network possessed the following proteins
with decreased abundance from Spots 1, 11, 12, 13, 17, 19, 24: Aldoketo reductase family 1,
member A1; Peroxiredoxin 1; Glyceraldehyde-3-phosphate dehydrogenase; Aldolase B;
Calreticulin; Transferrin; and Carbonic Anhydrase.

Figure 6 shows a portion of the inflammatory disease, respiratory disease and nucleic acid
metabolism networks. The proteins identified in this network had decreased abundance in
the kidney of the CSE group. Nuclear receptor subfamily 3 group C member 1 (NR3C1;
glucocorticoid receptor) is a chief node in the network. The following protein spots were
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associated with the NR3C1 node: Spot 11 (Peroxiredoxin 1 as dominant protein); Spot 12
(Glyceraldehyde-3-phosphate dehydrogenase); Spot 17 (Calreticulin); and Spot 19
(Transferrin as dominant protein, Albumin as minor protein). Homogentisate 1, 2-
dioxygenase (Spot 6) is linked to this node through Glyceraldehyde-3-phosphate
dehydrogenase (Spot 12) but cannot be counted as support for the designation of an
alteration in this node due to the presence of multiple proteins in Spot 12. The presence of
five proteins including 3 single proteins per spot and a dominant and minor protein in a spot
from Spots 11, 12, 17, and 19 indicate that the NR3C1 network node may be affected in the
kidney by developmental CSE.

Insulin, another central node in the inflammatory disease, respiratory disease and nucleic
acid metabolism networks, is impacted in the kidney of CSE offspring. The following
proteins were connected to the Insulin node: Spot 7 (Acetyl Co-A acetyltransferase 1); Spot
15 (ATP synthase, H+ transporting, mitochondrial F1); and Spot 18 (Calbindin 1, 28 kDa).
Proteins from Spots 4, 14, and 19 were altered in support of the inference of an alteration in
this node. However, each spot possesses multiple proteins and therefore unambiguous
attribution of alterations in abundance to a single protein cannot be made. The contribution
of Phosphoglycerate kinase 1 (Spot 4), Malate dehydrogenase 2, NAD mitochondrial (Spot
14), and Albumin (minor component of Spot 19) must be judged as unsubstantiated.
Identification of this node as affected in the kidney by developmental CSE is primarily
supported by a decreased in abundance of 3 proteins from 3 separate spots.

In summary, 15 proteins in the kidney that decreased in abundance with developmental CSE
(either a single or dominant protein in a spot) were attributed to redundant membership in
multiple metabolic networks. These networks possess 3 nodes that may be impacted by
developmental CSE: Solute Carrier Protein 2 (GLUT4), Nuclear receptor subfamily 3 group
C member 1 (NR3C1), and Insulin.

3.5.2. Proteins With Increased Abundance in the Kidney of CSE Mice—
Dominant or single proteins in spots with increased abundance in kidney following
developmental CSE were grouped by membership in metabolic networks via IPA analysis.
The small molecule biochemistry network possessed four spots with increased pixel density
(Spots 27, 32, 36, 42) with the following proteins affected: ATPs synthase, H+ transporting,
mitochondrial F1 complex, alpha subunit; NADH-ubiquinone oxidoreductase 75 kDa
subunit; Tumor metastatic process-associated protein NM23; and Glutathione Peroxidase.
The cell to cell signaling and interaction network was also impacted with proteins from
Spots 30, 34, 36, 42 possessing increased abundances in the kidney following
developmental CSE. The following proteins of this network were increased in abundance:
Prohibitin; Albumin; Tumor metastatic process-associated protein NM23; and Glutathione
peroxidase. In summary, 5 proteins that increased in abundance with developmental CSE
were attributed to redundant membership in these two metabolic networks.

Figure 7 shows the lipid metabolism, small molecule biochemistry, and carbohydrate
metabolism network. The proteins shaded gray in this figure had increased abundance in the
kidney of the CSE group. The Solute Carrier Family 2 (Facilitated Glucose Transporter
Member 4) protein is again a central node of this network that may be impacted in the
kidney by developmental CSE. Increased pixel density of three spots on the 2D gels
consisting of four additional proteins in the kidney lipid metabolism, small molecule
biochemistry, and carbohydrate metabolism networks connected to the SLC2A4 node
further supports the impact of developmental CSE on kidney metabolic networks.
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4. DISCUSSION
Cigarette smoke exposure impairs the function of the respiratory, digestive, urogenital,
endocrine and cardiovascular systems (Doll, 1996; Hoffman and Hoffman, 1997; Nordlund
et al., 1997). In adults, CSE induces kidney glomerular and proximal tubular damage,
mesangial cell proliferation in the renal capsule, dilation and congestion in the peritubular
capillaries, degeneration in the proximal tubules, and atrophy of the renal capsule (Chu et
al., 2001; EL-safty et al., 2003; Czekaj et al., 2002; Odoni et al., 2002). Developmental CSE
reduces the proximal tubule cuboidal epithelium thickness, alters the shape of the proximal
and distal convoluted tubules, and yields immature glomeruli in neonates (Czekaj et al.,
2002; Nelson et al., 1999).

The current study is considered an “active” cigarette smoke exposure model. Maternal
cotinine levels, which are indicative of nicotine dosage were above 50 ng/mL. Pup cotinine
levels were also increased to a comparable range indicative of “active” cigarette smoke
exposure. This “active” CSE during pre- and post-natal development - spanning the entirety
of kidney organogenesis - (Kuure et al., 2000; Ingelfinger, 2003) resulted in decreased
offspring birthweight and persistent reduced weights throughout postnatal development
(13.2% decrease at PD21). Together with our prior finding of decreased crown-rump length,
offspring weight, and brain wet weight (Esposito et al., 2008), the reduction in kidney
weight in the CSE offspring is interpreted as a proportional decrease in tissue size when
normalized to offspring weight.

CSE induced low birth weight is linked to hypertension and diet induced obesity (Doherty et
al., 2009; Ng et al., 2009; Oken et al., 2008; Gao et al., 2005) consistent with the Barker
hypothesis (Calkins and Devaskar, 2011; Barker et al., 2009; Barker, 1992) which states that
an adverse fetal environment results in low birth weight and an increased risk of maturity
onset disease. The Brenner hypothesis (Brenner and Chertow; 1994) further postulates a
causal association of low birth weight and hypertension. This may in part be attributed to
decreased nephron number related to proportionally smaller kidney mass that results in
glomerular enlargement and hyperfiltration status once mature organism weight is attained
(Benz and Amman, 2010). Of note, a companion study of the liver proteome profiles of CSE
offspring notes decreased expression of proteins impacted by retinoic acid availability. A
mild reduction in retinoic acid availability during development has been shown to decrease
nephron number (Leliever-Pegorier and Merlet-Benichou, 1998). Though nephron number
was not assessed, the reduced kidney mass observed in the current study has previously been
established as indicative of a reduction in nephron number (Luyckx and Brenner 2010; Xu
and Zuo, 2010; Murawski et al., 2010).

Calcium signaling is essential for the conversion of the metanephric mesenchyme into a
functional nephron epithelium (Gilbert et al., 2011) with the non-canonical calcium/NFAT
Wnt pathway controlling tubulogenesis (Tanigawa et al., 2011; Burn et al., 2011). Calbindin
28K (Spot 18) and Calreticulin (also known as Calregulin; Spot 17) levels were identified as
important in the separation of the CSE and Sham groups in the multivariate PLS-DA model
with a general trend toward decreased abundance in the kidney of the CSE offspring.
Calbindin 28K, a vitamin D dependent calcium binding protein, is present in the mouse
metanephric duct from embryonic day 12 and in the advancing ampullae of the ureteric buds
(Liu et al., 1993). In the adult, Calbindin 28K is located in the distal convoluted tubule, the
connecting tubule, and in the cortical collecting duct (Roth et al., 1981). The CSE-induced
decrease in kidney calcium regulatory protein abundance, which indicates a decreased
number of tubule segments, is consistent with a decrease in total nephron population.
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Similarly in the CSE offspring, kidney antioxidant and chaperone protein expression were
altered. Spots identified as Cu/Zn Superoxide Dismutase (Spot 28; increased), Glutathione
Peroxidase (Spot 42; increased), Proteasome subunit alpha type 6 (Spot 26; increased), αB-
crystallin (Spot 44; increased) and Peroxiredoxin (Spot 11 decreased; also present in Spot 27
and 29 but unable to attribute increased intensity solely to this protein) were found to be
important in the separation of the groups by PLS-DA. This finding likely reflects a cellular
adaptive response to ongoing cigarette smoke induced oxidative stress which necessitates a
scavenging of free radicals and a stabilization of protein secondary and tertiary structures.
Of particular interest is the impact of CSE on kidney αB-crystallin, a small heat shock
protein with structural and sequence similarity to HSP27. Though crystallins are primarily
found in the ocular lens, αB-crystallin is present in extra-ocular tissues and is classified as
an inducible small molecular weight chaperone. In the kidney, αB-crystallin expression
increases following osmotic stress as well as with oxidative stress (Michl et al., 2006; Beck
et al., 2000; Gabert and Kultz, 2011). The observed increase in stress response proteins
yields a cellular phenotype that might be incapable of further responding to a secondary
stress such as high fat diet. Additional studies are needed to answer whether the kidney from
CSE offspring are capable of responding to the hypertonicity accompanying the induction of
hypertension.

Glycolysis is a partially reversible central pathway for the catabolism of carbohydrates. In
this study, two enzymes shared between the glycolytic/gluconeogenic pathways were
decreased in availability: Enolase 1 and Aldolase B. Glyceraldehyde-3-phosphate
dehydrogenase and Phosphoglycerate kinase 1 are glycolytic enzymes that do not participate
in gluconeogenesis. The decreased abundance of these enzymes supports the interpretation
of a probable decrease in glycolytic activity in the kidney of CSE offspring. A
corresponding increase in protein abundance related to pyruvate metabolism may reflect a
cellular requirement for additional substrate in support of gluconeogenesis or the
Tricarboxylic Acid (TCA) cycle. Lactate dehydrogenase B (LDHB) and Mercaptopyruvate
sulfurtransferase (MPST) generate pyruvate; Pyruvate dehydrogenase (PDBH) converts
pyruvate to acetyl-CoA. However, Malate dehydrogenase, an enzyme in the TCA cycle, was
decreased in abundance in the kidney of CSE offspring. Together these data support the
interpretation that developmental CSE results in stimulation of gluconeogenesis coupled to
limited glycolysis resulting in a deficit in energy production during of kidney development
and maturation.

Ingenuity Pathway Analysis was utilized to predict kidney metabolic pathways impacted by
developmental CSE. The present study found both decreased and increased abundance of
proteins present as part of the lipid metabolism, small molecule biochemistry and cell cycle
network with Solute Carrier Family 2 (SLC2A4; also known as Insulin Dependent Glucose
Transporter Member 4, GLUT4) as a central node. SLC2A4 mediates the homeostatic
transport of glucose from the blood into cell cytoplasm (Mueckler et al., 1994). Insulin,
which mediates cellular uptake of glucose from the blood, was identified as a node of
interest as well in both the inflammatory disease, respiratory disease and nucleic acid
metabolism pathway and the lipid metabolism, small molecule biochemistry, and
carbohydrate metabolism network. These findings also point to a deficit in cellular kidney
glucose availability accompanying developmental CSE.

In summary, the current study examined proteome profiles from whole kidney homogenates
and thus cannot directly shed light on glomerular or tubule dysfunction though the finding of
smaller kidney mass indicates decreased nephron number. Developmental cigarette smoke
exposure alters several metabolic networks in the kidney including the lipid metabolism,
small molecule biochemistry, carbohydrate metabolism network and the inflammatory
disease, respiratory disease and nucleic acid metabolism networks. In contrast to the finding
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of impaired gluconeogenesis in the liver of these offspring, a stimulation of kidney
gluconeogenic activity was noted and may reflect a systemic lack of glucose availability.
We interpret the findings of this study as an indication that continuing CSE on the
background of low birth weight (LBW) leads to systemic metabolic dysregulation
characterized by impaired chaperoning/antioxidant scavenging and lipid dysregulation as
well as impaired glucose metabolism. The impact of CSE cannot be separated from LBW in
the current model though the coupled decrease in nephron number may compromise kidney
function post-cessation of exposure in adulthood or in the presence of a subsequent
challenge. Whether these metabolic alterations in the kidney persist past the cessation of
exposure and into maturity is the subject of future studies.
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Figure 1. Offspring Kidney Mass is Decreased by Developmental CSE
Pup kidneys of C57Bl/6 mice exposed to CSE (cotinine >50 ng/mL) from GD1-PD21 were
decreased in mass as compared to the kidneys of Sham (filtered air) exposed C57Bl/6 mice
(p<0.01). The observed ~15% decrease in kidney mass is proportional to the reduction in
birth weight and persistent decreased weight of these offspring.
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Figure 2. Representative 2D-SDS-PAGE Gel: Protein Spot Profiles of the Kidneys from Sham
and CSE Offspring
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 in number of spots without the appearance or loss of
spots between experimental groups.

Rekha et al. Page 13

Toxicology. Author manuscript; available in PMC 2013 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Figure 3A: Variable Importance in Projection. Protein spots present on gels from the
Sham exposed and CSE groups were analyzed by PLS-DA (n=9 per group, biological
replicates). Description of the separation of groups by latent factors found that 97% of the
variance between groups could be described by three latent factors.
Figure 3B: Plotting Latent Factors from the PLS-DA model shows differences in the
kidney protein spot patterns of the Sham exposed and CSE groups. 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. Differential Abundance of Kidney Proteins
Protein spots with altered pixel density in the kidneys of the CSE group are outlined and
numbered. Green indicates increased spot pixel density and blue indicates decreased spot
pixel density in the CSE group. Refer to Table 1 for a listing of proteins identified in each
spot.
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Figure 5. The Lipid Metabolism and Small Molecule Biochemistry Network of the Kidney is
Impacted 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
impact. All shadowed proteins were decreased in abundance.
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Figure 6. The Inflammatory Disease, Respiratory Disease and Nucleic Acid Metabolism Network
of the Kidney is Impacted by Developmental CSE
Proteins identified as contributing to the separation of groups by PLS-DA (Sham exposed
and CSE) are shadowed and connected to the network by arrows denoting directionality of
impact. All shadowed proteins were present in protein spots with decreased abundance.
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Figure 7. The Lipid Metabolism, Small Molecule Biochemistry, and Carbohydrate Metabolism
Network of the Kidney is Impacted by Developmental CSE
Proteins identified as contributing to the separation of groups by PLS-DA (Sham exposed
and CSE) are shadowed and connected to the network by arrows denoting directionality of
impact. All shadowed proteins were present in protein spots with increased abundance.
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