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Abstract
There is evidence that major depressive disorder (MDD) is associated with increased peripheral
markers of oxidative stress. To explore oxidation and antioxidant response in MDD, we assayed
human dermal fibroblast cultures derived from skin biopsies of age-, race-, and sex-matched
individuals in depressed and normal control groups (n=16 each group), cultured in glucose and
galactose conditions, for relative protein carbonylation (a measure of oxidative stress), glutathione
reductase (GR) expression, and total glutathione concentration. In control-group fibroblasts,
galactose induced a significant increase from the glucose condition in both protein carbonylation
and GR. The cells from the MDD group showed total protein carbonylation and GR expression in
the glucose condition that was significantly higher than control cells in glucose and equivalent to
controls in galactose. There was a small decrease in protein carbonylation in MDD cells from
glucose to galactose and no significant change in GR. There was no difference in total glutathione
among any of the groups. Increased protein carbonylation and GR expression, cellular responses
to oxidative stress induced by galactose in control fibroblasts, are present in fibroblasts derived
from MDD patients and are not explainable by reduced GR or total glutathione in the depressed
patients. These studies support the role of oxidative stress in the pathophysiology of MDD.
Further confirmation of these findings could lead to the development of novel antioxidant
approaches for the treatment of depression.
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Introduction
Major depressive disorder (MDD) is a chronic, highly disabling condition, and both short
and longer-term treatment outcome is not optimal (Kessler et al., 2005; Schmidt et al., 2011;
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Shelton & Tomarken, 2001). Research has linked the pathophysiology of MDD to a wide
range of molecular biomarkers in blood and other peripheral tissues, demonstrating the
complexity of the disorder (Schmidt et al., 2011). One important finding is a reduction in
certain signal transduction proteins in MDD, particularly protein kinases A (PKA) and C
(PKC; Dwivedi et al. 2004; Perera et al., 2001; Perez et al., 2002; Shelton et al., 2009 A;
Pandey et al., 1998; Pandey et al., 1997). Although the mechanism for alteration of these
signal transduction proteins remains obscure, there is evidence for redox regulation
(Humphries et al., 2005; Humphries et al., 2007; Giorgi et al., 2010), and a growing number
of studies link MDD with an increased state of oxidative stress (Ng et al., 2008).

Reactive oxygen species (ROS) are formed in the human body through a variety of
processes, including normal cell metabolism, especially the mitochondrial electron transport
chain (Halliwell, 1991), as well as ultraviolet light (Heck et al., 2003) and heat stress (Cho et
al., 2009). ROS are buffered through antioxidant defenses, mostly thiol compounds that act
as substrates for oxidation, and oxidative damage to cells occurs when the balance between
ROS produced and concentration of protective antioxidants favors ROS (Halliwell, 1991).
Therefore, increasing levels of oxidation could be explained by disrupted function of a
major antioxidant mechanism, such as the production and redox efficiency of glutathione.

Glutathione is the most abundant thiol compound in cells of all organs and plays an
important protective role against oxidative stress in the brain (Dringen et al., 2000; Dringen,
2000; Gawryluk et al., 2011). Glutathione reductase (GR) is the enzyme responsible for
recycling oxidized glutathione to the reduced, antioxidant form and has been shown to be
up-regulated in response to oxidative stress (Gawryluk et al., 2011; Schuliga et al., 2002).
For example, GR was seen to increase in activity with increasing oxidation in human
keratinocytes and fibroblasts exposed to increasing concentrations of arsenic (Schuliga et al.,
2002). The role of oxidative stress, glutathione, and GR has been implicated in the
pathogenesis of both psychiatric and non-psychiatric diseases including Leber's Hereditary
Optic Neuropathy (LHON; Floreani et al., 2005), Type 2 Diabetes mellitus (Calabrese et al.,
2011), Huntington's Disease (del Hoyo et al., 2006), schizophrenia (Gysin et al., 2009;
Mahadik & Mukherjee, 1996), bipolar disorder (BD; Andreazza et al., 2008; Yumru et al.,
2009), autism and ADHD (Ng et al., 2008).

Although work has been done regarding oxidation and glutathione response in MDD using
serum (Kodydková et al., 2009) and post-mortem brain tissue (Gawryluk et al., 2011), little
has been tested using human cell culture. Dermal fibroblasts are not only easy to establish,
control, reproduce, and eliminate outside factors, but they have proven to be a relevant study
system for signal transduction pathways in MDD (Akin et al., 2004; Manier et al., 2000;
Shelton et al., 1996). In addition, fibroblasts have been used to study glutathione, GR, and
oxidative stress with success in other diseases such as Leber's hereditary optic neuropathy
(LHON) (Floreani et al., 2005), Type 2 Diabetes (Calabrese et al., 2011), and schizophrenia
(Gysin et al., 2009; Gysin et al., 2007).

Our study explores levels of protein oxidation, glutathione concentration, and GR expression
in dermal fibroblasts extracted from skin biopsies of a population of patients diagnosed with
MDD [n=16] compared to sex-, age-, and race-matched healthy controls [n=16] and grown
in glucose and galactose conditions in order to identify differences in oxidative damage and
antioxidant capacity associated with MDD in peripheral tissue.
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Materials and Methods
Population

The Vanderbilt University Institutional review board (IRB) approved the study and written
informed consent was obtained from all study participants before any procedures were
conducted. The study population was composed of 16 human patients diagnosed with MDD
and 16 age, race, and sex-matched healthy control participants (Table 1). Recruitment and
diagnosis procedures for patients and controls have been described in previous publications
(Shelton et al., 1996; Manier et al., 1996). In brief, all participants were assessed using the
Structured Clinical Interview for DSM-IV (SCID; First et al., 2009). Exclusion criteria
included other primary DSM-IV diagnosis (American Psychiatric Association, 1994), a
history of bipolar disorder or non-mood psychotic disorder, or any medical condition that
would preclude the biopsy (e.g., hemophilia). The groups included 8 males and 24 females,
ages ranging from 20 to 53 years (Table 1).

Collection and processing of skin biopsies and establishment of fibroblast cultures
Specimens for fibroblast cultures were obtained by skin punch biopsies (1×2 mm) taken
from the upper arm on participants using the method previously described in detail (Shelton
et al., 1996; Manier et al., 1996). Skin biopsies were placed in plain DMEM medium and
processed the same day as previously described (Shelton et al., 1996; Manier et al., 1996).
The medium was changed three times a week. In about 2-3 weeks, the fibroblasts divided
and became confluent. All fibroblast samples obtained for this study were able to propagate.
The fibroblasts were subcultured using 0.5% Trypsin-EDTA (Invitrogen) as previously
published (Akin et al., 2004) and expanded for freezing in a liquid nitrogen cell repository.

All fibroblasts used for experiments were cultured between passages 5 and 10 in order to
minimize any effect from exposure in vivo to factors such as hormones, neurotransmitters,
cytokines, or drugs (Akin et al., 2004). All fibroblasts were taken from liquid nitrogen
storage and maintained in Dulbecco's modified Eagle's medium™ (DMEM; Mediatech,
Manassas, VA, USA) containing 25 mM glucose and 1 mM sodium pyruvate supplemented
with 2mM L-glutamine (Mediatech), 10% fetal bovine serum (FBS; Thermo Scientific
HyClone, Logan, UT, USA), and antibiotic/antimycotic solution (A/A; Invitrogen) at 37°C
and 5% CO2. For exposure to galactose, cells were cultured in DMEM deprived of glucose
(Mediatech) supplemented with 10mM galactose, 2mM L-glutamine, 10% FBS, 1mM, A/A,
and sodium pyruvate (Sigma Aldrich). The cells from matching pairs of control and MDD
subjects were cultured simultaneously under same conditions until reaching confluence,
trypsinized, and counted using a Bright-Line Hemacytometer (Hausser Scientific, Horsham,
PA). Cells, 0.5×106/plate were grown in two 60mm dishes (Sarstedt, Newton, NC, USA) in
glucose-containing medium. After 24 hours, once fibroblasts adhered, the medium in one
plate was changed into fresh glucose medium and the other to galactose medium. Cell
growth and proliferation were checked and were not affected by the galactose condition in
either group (data not shown). After another 24 hours, the cells were washed in 1X PBS
twice on ice and collected with a cell scraper in cooled 1X PBS (Mediatech). The cell
suspension was pelleted by centrifugation at 280g for 10 min at +4°C. Excess PBS was
removed, and cells were resuspended in NP-40 lysis buffer (150 mM NaCl, 50mM Tris-Cl
[pH 7.4], 5mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate) supplemented with PMSF,
protease inhibitor cocktail (Sigma Aldrich) and phosphatase inhibitor cocktail (Sigma
Aldrich). After 30 min of lysis on ice, cell lysate was cleared by centrifugation at 14,000Xg
for 5 min at +4°C. Protein concentration w as determined using the Dc protein assay (Bio-
Rad, Hercules, CA). Twenty μg of protein lysate was used immediately for determining
protein carbonylation.
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Protein carbonylation determined by OxyBlot™ Protein Detection kit
Protein carbonyl levels were measured using protocol found in the commercially available
OxyBlot™ Protein Detection kit (Millipore, Billerica, MA, USA). For each sample, two
reactions were prepared: derivatized and negative control. Carbonyl groups in the proteins
were derivatized to 2,4-dinitrophenylhydrazine (DNPH). Equal loading was assessed by
restaining PDVF membranes with an antibody against glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Cell Signaling, Danvers, MA, USA). All blots were analyzed and
normalized by measuring the pixel density of bands appearing in the final blots using UN-
SCAN-IT (Silk Scientific Corporation, Orem, UT, USA) as previously described (Shelton et
al., 2009 B). Refer to Figure 1A for a representative blot.

Measurements of Glutathione and Glutathione Reductase
Total glutathione levels were assayed using the published enzymatic method (Rahman,
2006) and normalized to total protein amount as determined by Dc protein assay (Bio-Rad
Laboratories, Hercules, CA).

Glutathione Reductase (GR) protein expression was assayed by western blot using 20 μg
total protein from the same total lysate used for DNPH derivitization, normalized to
GAPDH as above, and again analyzed using UN-SCAN-IT. Membranes were stained
according to manufacturer's recommendations with anti-GR antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and with anti-mouse IgG secondary antibody
(Sigma). Refer to Figure 1B for example blot.

Statistical Analyses
In the 16 controls and 16 MDD, both protein carbonylation and GR were analyzed based on
intensity of individual protein bands in the final western blot in fibroblasts from all
participants relative to the corresponding pair. Data was then grouped into control and MDD
plus the condition, glucose or galactose, for final comparison and analysis. Differences in
treatments and controls were analyzed using means, standard error, and between-group
comparisons conducted with Student's t-tests. Statistical significance was defined as p ≤
0.05.

Results
Increased protein carbonylation in cultured MDD human fibroblasts

Protein carbonylation was assessed in cultured fibroblasts established from control and
MDD participants. The majority of DNPH detectable protein products, as illustrated in
Figure 1A, span molecular weight species from ~ 20 to ~ 250kDa. Control cells grown in
glucose showed a very low number of DNPH protein products – markedly different from
MDD cells under the same condition. Quantification of western blots showed that the sum of
DNPH products was 1.85 times higher in MDD than in controls in the glucose condition
(p≤0.01) (Figure 2).

Cultured fibroblasts were exposed to galactose in the place of glucose in the culture medium
in order to induce oxidative stress (Marroquin et al., 2007). Under these conditions, we
observed significant increase in protein carbonylation in control fibroblasts from the glucose
condition; quantification of western blots showed that the sum of DNPH products was 1.73
times higher in the galactose than in glucose-containing medium (p≤0.01) (Figure 2). We
saw an opposite response in MDD cells when exposed to galactose. There was a small but
significant decrease in protein carbonylation in the MDD cells when grown in the galactose
condition compared to the glucose; the sum DNPH products in the galactose condition was
0.81 times the measured in the glucose condition (p≤0.01). These results indicate that the

Gibson et al. Page 4

J Psychiatr Res. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells from participants with MDD have increased protein carbonylation relative to controls
in the glucose condition, and under conditions of increased oxidative stress, the MDD
fibroblasts do not respond with an increase in protein oxidation as do control fibroblasts.

Increased Glutathione Reductase protein expression in MDD fibroblasts without changes
in total glutathione

To determine if increased protein carbonylation in MDD fibroblasts could be the result of
diminished antioxidant capacity, we measured total glutathione concentration in the cells.
We found no significant difference in the level of total glutathione among any of the groups
(Figure 3). This result indicates that total the level of glutathione in fibroblasts is not
significantly different between control and MDD, and levels are not significantly altered by
the presence of galactose in either group.

Levels of reduced glutathione in the cytosol are maintained by GR19. Therefore we
compared the protein levels of this enzyme in control and MDD fibroblasts under glucose
and galactose condtions via western blot (Figure 1B). In control cells, we found GR levels to
increase in the galactose condition; controls in the galactose condition showed 1.78 times
more GR than controls in glucose condition (p≤0.01) (Figure 4). MDD cells in the glucose
condition showed 1.99 times the level of GR of control cells in glucose (p≤0.05) (Figure 4).
There was no significant difference in GR between MDD cells in the glucose and galactose
conditions; our data shows GR in MDD cells in the galactose condition to be 0.96 times the
glucose condition (p=0.81). These results indicate that GR expression is up-regulated in
MDD in the glucose condition as it is in control cells when stressed with galactose with no
accompanying changes in glutathione.

Discussion
To our knowledge, this is the first clear demonstration of increased oxidative stress in actual
living tissue culture derived from persons with MDD. Under normal glucose culture
conditions the amount of total protein carbonylation, a measure of protein modification in
response to oxidative stress (Stadtman, 1993), was significantly higher in MDD fibroblasts
than in those derived from control subjects (Figure 2) with no significant difference in total
glutathione concentration (Figure 3). In addition, our study shows GR expression to be
significantly higher in MDD cells when compared to controls in the glucose condition
(Figure 4), another cellular response to the presence of oxidation (Gawryluk et al., 2011;
Schuliga et al., 2002). Other studies have confirmed the involvement of oxidative stress in
MDD, but our findings regarding glutathione and glutathione reductase differ from some
previously published work. In a 2011 study, Gawryluk et. al found reduced levels of total
glutathione and no change in GR in MDD in post-mortem, pre-frontal cortex brain tissue
(Gawryluk 2011). Furthermore, depleted levels of glutathione and reduced GR activity have
been found in a rodent depression model rodents (Zafir 2009). In the current study, total
glutathione levels did not differ between groups. As well, GR showed an increase in the
glucose condition, consistent with compensation for increased oxidative stress. Therefore,
our findings do not support a role for either glutathione or GR in increased oxidative stress
in MDD.

Removing glucose and adding galactose to cell culture medium is a commonly used practice
to induce oxidative stress. Galactose metabolism doubles O2 consumption and increases cell
susceptibility to mitochondrial toxicants by shifting metabolism toward oxidative
phosphorylation (OXPHOS; Marroquin et al., 2007). In our study, the galactose condition
increased protein carbonylation in control fibroblasts but did not have the same effect in
MDD cells. In fact, there was a slight decrease in overall protein carbonylation in MDD in
the galactose condition when compared to the glucose (Figure 2). Furthermore, while GR
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was increased in the galactose condition in control cells, it was not significantly changed in
MDD (Figure 4). We speculate that GR is maximally expressed in the glucose condition in
MDD, and when galactose is introduced, there is no further increase in oxidative stress.
Further exploration of the OXPHOS pathway in MDD is necessary for a more clear
understanding of these results and could lead to important implications of the role of
oxidative stress in the disease.

The current study was done in peripheral tissue in culture, and the results may or may not be
relevant for brain (Teyssier et al., 2011). However, human fibroblasts have been used as a
study system for neurological disorders, and they share most signal transduction enzymes
and receptors with neurons (Manier et al., 2000). Assuming the connection can be made, the
results of this study have important implications for the role of the oxidant anti-oxidant
balance in MDD. The human brain metabolizes 20% of the oxygen in the body while only
accounting for 2% of the body weight (Dringen et al., 2000; Dringen, 2000). As a result,
ROS are generated at high rates, and glutathione is the organ's main protective antioxidant
(Dringen et al., 2000; Dringen, 2000).

A future research objective is to identify MDD-relevant proteins that may be consistent
targets for modification in the presence of increased oxidative stress. Protein carbonylation
most often occurs at specific amino acids proline, threonine, lysine, and arginine (Stadtman,
1993) and can significantly alter or destroy protein activity and function (Oliver, 1987). GR
has been shown to be susceptible to oxidation in the presence of oxidative stress (Tbatabaie
& Floyd, 1994), and it is important to note that although the results of our study indicate that
that GR production is up-regulated in response to oxidative stress in MDD, they do not
conclude that the enzymatic function of GR is unaltered. Further studies are needed to make
definitive conclusions on the functionality of glutathione and GR in the presence of
oxidative stress in MDD fibroblasts as well as the activity of other enzymes such as
glutathione s-transferase and glutathione peroxidase.

Other proteins shown to be susceptible to oxidation include PKA and PKC (Humphries et
al., 2005; Humphries et al., 2007; Giorgi et al., 2010), important components of signaling
pathways that previous studies found to be reduced in MDD fibroblasts (Dwivedi et al.
2004; Perera et al., 2001; Perez et al., 2002; Shelton et al., 2009 A; Pandey et al., 1998;
Pandey et al., 1997). The catalytic subunit of PKA is inactivated by thiol oxidation of
cysteine 199 in the activation loop of the kinase, particularly in conditions of high oxidation
stress (Humphries et al., 2007). PKA typically exists as an inactive heterotetramer, with two
regulatory and two catalytic subunits (Beave et al., 1974 A; Beavo et al., 1974 B; Meinkoth
et al., 1993). It is activated by the binding of two cyclic AMP molecules to each regulatory
subunit, which releases the catalytic subunits leading to phosphorylation of protein
substrates, including cyclic AMP response element binding protein (CREB; Meinkoth et al.,
1993; Taylor et al., 1992). This PKA activation continues until cyclic AMP is hydrolyzed by
phosphodiesterases (Jeon et al., 2005) or the catalytic subunit is inactivated by protein
kinase inhibitor (Fantozzi et al., 1994; Wen et al., 1994). The catalytic PKA subunit is
susceptible to oxidation primarily in the free, activated state in the cytosol (Humphries et al.,
2002).

Looking at MDD through the perspective of oxidative damage and glutathione response
could lead to a new approach to treatment. Previous studies have shown an increase in
oxidative stress markers and decrease in antioxidants in serum to be correlated with the
severity of depression (Yanik et al., 2004; Cumurcu et al., 2009; Sarandol et al., 2007). This
correlation poses the possibility of reversing the oxidation by increasing natural antioxidant
systems or administering antioxidant drugs to decrease the symptoms of depression. A
number of stimuli can induce or inhibit glutathione (Soltaninassab et al., 2000), and some
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selective serotonin reuptake inhibitors (SSRIs) have been shown to behave as antioxidants
(Khanzode et al., 2003; Zafir et al., 2009). Standard SSRIs fluoxetine and citalopram, for
example, were shown to reverse effects of oxidative damage in serum of MDD subjects
(Khanzode et al., 2003). In addition, administering fluoxetine as well as imipramine and
venlafaxine, two other SSRIs, to rats with depressed phenotypes was shown to significantly
reverse the biochemical effects of oxidation, including protein carbonylation, in brain tissue
(Zafir et al., 2009).

Although the increased oxidation has been observed in a number of studies, using biological
markers of oxidative stress primarily in blood plasma or serum samples (reviewed by Ng et
al., 2008), demonstration of increased oxidation in our cell culture model opens a new area
of research. In this cell culture model we will be able to assess the underlying mechanism
and specific pathway involved and screen for potential remedies. Further exploration of
carbonylated proteins in MDD may lead to the identification of diagnostic (pre-
symptomatic) biomarker for oxidative damage and establishment of an effective antioxidant
therapy, offering novel approaches to anti-depressant treatment.
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Figure 1.
A) Representative DNPH blot. Western blot probed with DNPH antibody (top) and re-
probed with GAPDH antibody (bottom). Blot shows one control-MDD matched pair,
derivatized reaction (DR) and negative control (NC) for each sample with molecular weight
marker; from left to right lanes read: control in glucose medium, control in galactose
medium for 24 hours, MDD in glucose medium, and MDD in galactose medium for 24
hours. Directly below the DNPH blot is the GAPDH restain of the same PVDF membrane
displaying equal protein loading. B) Representative GR blot. Western blot probed with
Glutathione Reductase antibody (top) and re-probed with GAPDH antibody (bottom). Blot
shows one control-MDD matched pair with molecular weight marker; from left to right
lanes read: control in glucose medium, control in galactose medium, MDD in glucose
medium, and MDD in galactose medium. Directly below the GR blot is the GAPDH restain
of the same PVDF membrane displaying equal protein loading.
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Figure 2. Protein Carbonylation
Normalized pixel density measurements from stained western blots for each experimental
condition. Condition and control or subject are as labeled.
Bars represent standard error.
* = significantly different from the control in glucose condition, p-value ≤ 0.05
** = significantly different from the control in glucose condition, p-value ≤ 0.01
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Figure 3. Total Glutathione
Total glutathione concentrations in total cell lysate measured using the enzymatic method
and expressed in nM/μg protein. Graph labeling same as in Figure 2. No significant
difference was found between any of the groups.
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Figure 4. GR Expression
Normalized pixel density measurements from western blots stained with anti-GR antibody
for each experimental condition. Graph labeling same as Figure 2.
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