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Abstract

Objective: Tert-butylhydroquinone (t-BHQ) protective effect against oxidative damage in thymus from malnourished pops-rats
was evaluated.

Methods: Malnutrition in pops-rats was induced during the lactation period and first-, second-, and third-degree malnourished
rats were studied (MN 1, MN2, and MN3). To determine t-BHQ protective effect, lipid peroxidation (LPx) was assessed, as well as
the carbonyl content. The reduced glutathione and glutathione disulfide content were determined and antioxidant enzyme
activities were measured.

Results: Oxidative protein damage, LPx, and Nuclear Factor-kB (NF-kB) content, increased in the MN2 and MN3 compared to
well-nourished rats, associated with lower protein content and antioxidant activity of superoxide dismutase (SOD), glutathione
peroxidase (GPx), and catalase. Tert-butylhydroquinone treatment induced a protective effect against lipids and proteins oxi-
dative damage, as well as decrease in NF-kB in MN rats and restored the antioxidant mechanisms, mostly GPx and SOD. No
differences were found between male and female animals.

Conclusions: Results show that higher body weight deficit leads to increased oxidative damage and probably inflammation,
attributable to alterations in antioxidant mechanisms. These effects were reversed by the t-BHQ-treatment, which restores the
antioxidant response. Our findings suggest that t-BHQ could be an interesting pharmacological intervention, but it needs to be
studied further.
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nutritional status. Therefore, it is considered the leading cause
of immunodeficiency® and places malnourished children at
greater risk of dying from infectious diseases. Nearly half of
all deaths in children younger than 5 years are attributable to
this condition,® meaning that there are about 3 million unne-
cessary and unacceptable losses of lives every year.”

One common target organ in malnutrition and infection is the
thymus.® Alterations in this organ have been observed, both in
children and in malnourished experimental models, mainly
increased apoptosis, reduced thymic hormone activity in serum,
mature thymocytes depletion, and decreased cell proliferation.®’
Besides, MN has been linked to a deficient antioxidant defense
system® and increased DNA and lipid oxidative damage.” It has
been reported that in children with severe malnutrition have
lower blood concentrations of Reduced glutathione (GSH)'
along with increased malondialdehyde (MDA) levels.®

Accordingly, there is considerable interest in developing
therapeutic strategies to prevent oxidative damage and restor-
ing antioxidant mechanisms in malnourished organisms.
Hence, it has been proposed that these effects might be mini-
mized with antioxidants supplementation.'’ A synthetic anti-
oxidant that has received great attention in the last years is the
tert-butylhydroquinone (t-BHQ) that induces Nrf2 transcrip-
tional activity, increases antioxidant enzymes expression, thus
stimulating a protective effect against oxidative stress (OS).'
Reactive oxygen species can induce activation of transcription
factors including related to OS protection'® and NF-kB, this
latter involved in inflammatory response.'*

Moreover, it is well established that the suckling period is
critical for development of lymphoid system'>'®; for this rea-
son, we considered of uppermost importance to determine t-
BHQ protective effect against oxidative damage in thymus
from malnourished pops-rats.

Materials and Methods

Animals

Wistar albino nursing rats, from the closed breeding colony at
the Universidad Autonoma Metropolitana (UAM)-Xochimilco,
were maintained in the UAM-Iztapalapa under standard condi-
tions (12-hour light/dark, temperature 22°C + 3°C, with 45%
Relative humidity [RH]). Nursing rats were fed with a rodent’s
balanced diet (PMI 5001; Richmond, English River, lowa) and
water ad libitum. All procedures with animals were strictly
carried out according to the NIH Guide for the care and use
of laboratory animals, and the NOM 062-Z00-1999.

Experimental Malnutrition

Experimental MN was induced during lactation by food competi-
tion, based on reducing the quantity of milk/pup by increasing the
number of pups per nursing mother,'” as we described previously.’
All experimental groups (Well-nourished [WN] and MN) received
3t-BHQ (75 mg/kg/d) doses dissolved in saline solution and admi-
nistrated intraperitoneally (IP) from day 18 until day 20. Control

(nontreated; NT) groups (WN and MN) received only saline solu-
tion. At the end of the weaning period, MN rats (NT and treated)
were subclassified depending on the malnourish degree: MN1
body weight deficit between 10% and 24%; MN2 deficit between
25% and 39%; and MN3 body weight deficit >40%. All MN
groups were compared to the age-matched WN rats’ body weight.
At day 21 pups were euthanized by cervical dislocation; the thy-
mus was removed and stored at —70°C until analysis.

Tert-Butylhydroquinone Treatment

To select an appropriate experimental t-BHQ dose to be used in
the MN animals, a dose—response curve using different t-BHQ
concentrations was performed (0, 25, 50, 75, and 100 mg/kg
body weight). Tert-butylhydroquinone was administered via
IP, from day 18 to 20 after birth, and thymus redox status
Reduced/Oxidized glutathione (GSH/GSSG) was determined
by high-performance liquid chromatography (HPLC).

GSH/GSSG Ratio Determination

The GSH and GSSG content were determined by the HPLC
technique with some modifications.'®

Lipid Peroxidation Assay

Lipid peroxidation (LPx) was assessed by the MDA formation,
according to a previous report.'® The optical density was deter-
mined at 532 nm. Protein concentration was determined using a
commercial Bradford reagent (Bio-Rad, Hercules, California),
and a 1.41 mg/mL standard of Bovine serum albumin (BSA).
The concentrations of MDA, expressed as pmol of MDA/mg of
protein.

Protein Oxidation

One hundred milligrams of thymus tissue were processed. Pro-
teins were isolated using the Tissue Protein Extraction Reagent
(Thermo Scientific, Rockford, Illinois), with the protease
inhibitor Complete-Mini (Roche Diagnostics, Mannheim,
Germany). Total protein concentration was determined spec-
trophotometrically at 595 nm.

Carbonyl content was measured using an Oxyblot Protein
Oxidation Detection Kit (Chemicon International, Temecula,
California) following the manufacturer instructions. The quan-
tification and densitometry analysis was done using a Kodak
Molecular Imaging Software (version 4.5.1).

Western Blot

Proteins (30 pg) were separated on 12% Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to Polyvinylidene difluoride (PVDF) membranes and
probed with anti-superoxide dismutase (SOD), anti-glutathione
peroxidase (GPx), anti-Catalase (CAT), anti-NF-xB p50 and p65
(Santa Cruz Biotechnology, Santa Cruz, California) dilution
(1:1000). Membranes were washed 3 times with Tris-buffered
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Table I. Body and Thymus Weight Determined for WN and MN Male and Female Nontreated and t-BHQ-Treated Rats.

n=15 WN MNI MN2 MN3
Body weight (g)
Group 54.34 + 0.61 45.39 + 0.36° 37.07 + 0.4° 29.39 + 0.6*
Male (n = 8) 54.50 + 0.96 45.63 + 041 37.22 + 0.58 30.04 + 0.58
Female (n = 7) 54.15 + 0.89 45.14 + 0.71 36.86 + 0.68 29.03 + 1.19
Weight deficit (%) - 16 31 45
Thymic weight (g)
Group 0.23 + 0.006 0.20 + 0.006* 0.17 + 0.009* 0.1l + 0.004*
Male (n = 8) 0.247 + 0.01 0.19 + 0.0l 0.18 + 0.018 0.12 + 0.004
Female (n = 7) 0.23 + 0.007 0.20 + 0.007 0.17 + 0.009 0.1 £+ 0.009
Thymic deficit (%) - I 21 49
n=2I WN-t-BHQ MNI-t-BHQ MN2-t-BHQ MN3-t-BHQ
Body weight (g)
Group 56.7 + 0.68 44.52 + 0.22* 36.18 + 0.37° 27.51 + 0.89*
Male (n = 11) 56.14 + 0.94 44.78 + 0.35 35.56 + 0.6l 27.76 + 0.28
Female (n = 10) 57.32 + 0.95 4425 + 0.25 3691 + 0.38 2742 + 042
Weight deficit (%) - 21 36 54
Thymic weight (g)
Group 0.22 + 0.04 0.17 + 0.03° 0.14 + 0.09* 0.098 + 0.04°
Male (n = 11) 0.23 + 0.005 0.17 + 0.009 0.14 + 0.01 0.09 + 0.002
Female (n = 10) 0.22 + 0.003 0.17 + 0.004 0.14 + 0.01 0.09 + 0.005
Thymic deficit (%) - 18 35 54

Abbreviation: t-BHQ, tert-butylhydroquinone.

?Statistical significance based on their respective group WN (P < .05). The mean + standard error is represented.

solution (TBS)-Tween and incubated with a horseradish
peroxidase-conjugated secondary antibody for 1 hour. The blots
were developed using a chemiluminescence reagent. The pro-
portion of proteins was quantified by densitometric analysis.

Antioxidant Enzymatic Activity

Protein was isolated from 100 mg of thymus as described.
Superoxide dismutase activity was evaluated spectrophotome-
trically at 560 nm, through the xanthine/xantine oxidase sys-
tem, based on protocols proposed.’*?! Glutathione peroxidase
activity was assessed at 340 nm through Nicotinamide adenine
dinucleotide phosphate (NADPH) monitoring of protocol
described.”? CAT activity was quantified using an established
protocol that evaluates H,O, decrease at 240 nm.>?

Statistical Analysis

Statistically significant differences among groups were estab-
lished using the Duncan test. P values <.05 were considered as
significant differences. Data are presented as mean + standard
error, and samples were evaluated in triplicates for each treat-
ment (n = 3 female; and n = 3 male).

Results

Body and Thymus Weight in Rats

In all MN groups (treated and NT), rats exhibited a significant
body weight deficit in comparison with WN ones MN rats’

weight deficits were established in comparison to the mean
body weight of their respective WN group. No differences were
found among the body and thymus weights obtained for the
MN-t-BHQ with their respective NT groups, neither between
male and female animals (Table 1).

GSH/GSSG Ratio

To select the optimal t-BHQ dose that modifies redox state
(RS) in MN animals, redox status (GSH/GSSG ratio) was
determined in WN (n = 12), MN1 (n = 12), MN2 (n = 12),
and MN3 (n = 12) rats. Accordingly, doses of 25, 50, and
75 mg t-BHQ/kg body weight were administered to WN,
MN1, MN2, and MN3 rats for 3 days. Figure 1 shows that
MN2-NT and MN3-NT groups decreased the GSH/GSSG
ratio 58% and 77% respectively, when compared to WN-NT
group, demonstrating that MN modifies RS, shifting it to a
more oxidized state. MN1, MN2, and MN3 groups treated
with 25 mg t-BHQ showed 50% decreased in ratio compared
to their WN-t-BHQ. Interestingly, MN2 and MN3 treated with
50 or 75 mg t-BHQ did not present changes compared to their
WN-t-BHQ and maintained their redox status. However MN2
and MN3 treated 75 mg t-BHQ increased 2.8 and 5.8 times the
ratio with respect to the MN2-NT and MN3-NT and even with
similar values to WN-NT. Therefore, the t-BHQ 75 mg dose
was chosen for further experiments. No significant differ-
ences were found among the t-BHQ-treated WN groups and
WN-NT group.
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Figure |. Thymus redox status in WN and MN rats treated with different t-BHQ doses 25, 50, and 75 mg t-BHQ/kg body weight. Bars
represent the mean + SE. *P < .05 significant differences between MN groups with different treatments in relation to their WN group. *P < .05
statistical differences between treated groups with (75 mg t-BHQ) in relative to corresponding NT-MN group. NT indicates nontreated;

SE, standard error; t-BHQ, tert-butylhydroquinone.

Oxidative Damage

Lipid peroxidation and protein oxidation was determined in NT
and t-BHQ treated rats. Figure 2A shows an increase for the
MN2-NT and MN3-NT in more than 60%, suggesting that
malnourishment promote LPx. When the NT and t-BHQ-
treated groups were compared, the MN2-t-BHQ and MN3-t-
BHQ showed less LPx, 66% and 80%, compared to their
respective MN-NT group. MN-t-BHQ groups did not present
differences with respect to the WN-t-BHQ and WN-NT, sug-
gesting that t-BHQ treatment protects against LPx. Figure 2B
shows the densitometric analysis normalized against the WN.
Interestingly MN2-NT and MN3-NT groups presented up to
2.6 and 3.9 times oxidation compared to the WN-N, suggesting
that the weight decrease might be associated with higher values
of protein oxidative damage. The MN-t-BHQ groups did not
present differences with respect to WN-t-BHQ and to WN-NT.
That is to say, protein oxidative damage in those groups was
prevented by t-BHQ treatment (73% and 84%, respectively).
Figure 2C shows an Oxyblot representative blot. No differ-
ences in respect to oxidative damage were found between male
and female rats (Table 2).

Antioxidant Enzymes and NF-xB Content

The data were normalized against WN-t-BHQ or WN-NT.
Superoxide dismutase content (Figure 3A) exhibited differ-
ences between the MN2-NT and MN3-NT groups with a
35% and 57% reduction, respectively, compared to WN-NT.
Comparing between NT and t-BHQ-treated groups, we
observed that the MN2-t-BHQ increased SOD levels (27%)
compared to MN2-NT. Glutathione peroxidase levels (Figure
3B) decreased in MN2-NT and MN3-NT in comparison to

WN-NT (49% and 79%, respectively). No differences were
found among the different t-BHQ-treated groups. However,
when NT and t-BHQ-treated groups were compared, MN2-t-
BHQ and MN3-t-BHQ increased GPx levels (54% and 82%,
respectively) compared to their MN-NT group. Interestingly,
CAT expression (Figure 3C) showed a decrease in MN2-NT
and MN3-NT as well as the MN2-t-BHQ and MN3-t-BHQ
groups (30% and 40%, respectively), compared to the WN-
NT and WN-t-BHQ groups, suggesting that t-BHQ treatment
did not have any effect on CAT content, unlike SOD and GPx.
The content of NF-kB p50 (Figure 3D) does not show differ-
ences between the different t-BHQ-treated groups and NT. The
NF-xB p65 content (Figure 3E) showed an increase in MN2-
NT and MN3-NT of 77% and 60%, respectively, in comparison
to WN-NT. For its part MN2-t-BHQ and MN3-t-BHQ had
decrease of 73% and 58%, respectively, compared to WN-t-
BHQ. Comparing NT and t-BHQ-treated groups, it was
observed that NF-kB p65 expression showed a decrease in
MN2-t-BHQ and MN3-t-BHQ by 85% and 74%, respectively,
compared to their MN groups, suggesting probably that t-BHQ
treatment has an effect against the inflammatory process. No
differences in the antioxidant enzymes and NF-kB content
were found between male and female animals (Table 2).

Antioxidant Enzyme Activity

Superoxide dismutase, GPx, and CAT enzymatic activity was
quantified in WN, MN1, MN2, and MN3 t-BHQ-treated and
NT groups (Figure 4). The SOD (Figure 4A) and GPx enzy-
matic activity (Figure 4B) exhibited differences for the
MN2-NT and MN3-NT, which decreased 50% and 80%,
respectively, compared to the WN-NT. The MN1-t-BHQ and
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Figure 2. Lipid peroxidation and protein oxidation obtained from t-BHQ and NT, WN, and MN rats. A, Lipid peroxidation. B, Protein oxidative
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MN2-t-BHQ groups increased 80% SOD activity, whereas
MN3-t-BHQ increased 95% compared to their MN-NT groups.
Besides, MN-t-BHQ groups augmented GPx activity more than
100% compared to their respective MN-NT group.

Additionally, CAT activity (Figure 4C) decreased 50% in
the MN1-NT and MN2-NT, and MN3 70% in comparison to
WN-NT. Although MN2-t-BHQ and MN3-t-BHQ decreased
20% and 10%, respectively, in comparison with WN-t-BHQ.
Comparing NT and t-BHQ-treated groups, it was observed that
MN2-t-BHQ and MN3-t-BHQ had an increase in CAT activity
(56% and 85%, respectively) compared to their MN-NT
groups. However, although CAT activity was enhanced with
t-BHQ, this was not enough to reach the values observed in the
WN groups. Interestingly, CAT was the most affected enzyme.
No differences in antioxidant enzymatic activities were found
between male and female rats (Table 2).

Discussion

It is well-documented that a decreased food intake, either in
quantity or quality, mainly affects immunological defense
mechanisms, favoring the increased sensitivity to infection.**
These mechanisms are regulated mostly by cells that differenti-
ate and mature in lymphoid organs and that are highly suscep-
tible to the effects MN, in particular the thymus.’

Of the various lymphoid tissues, thymus is histologically
perhaps the most consistent across species and descriptions for
one species generally substitute for that of others.”> Malnutri-
tion impairs host immunity and is particularly detrimental to
lymphoid organs, like the thymus.” The thymus reacts to nutri-
tional disorders more rapidly than other organs do, due to the
rapid cell turnover that characterizes the lymphoid tissues.
Menkel first described the relationship between the atrophy
of the thymus and malnutrition in 1810. Then, Simon proposed
the thymus as an early critical barometer of malnutrition and
Vint and Watts described the characteristics of the thymus
obtained in autopsies of children who died of kwashiorkor and
marasmus malnutrition.?**°

Although thymic atrophy is one of the most notorious fea-
tures in malnourished organisms, there are other alterations in
this organ, such as decreased cell proliferation, increased apop-
tosis, together with alterations in antioxidant defense mechan-
isms.*” Here, a thymus deficit and body weight in MN rats
were observed in the NT and t-BHQ-treated groups compared
to their respective WN groups. These weight deficits were
notable in MN3 independently of treatment. This indicates that
the diminution in an organism body weight can be reflected on
the weight of this particular organ.

The relative weight of the thymus reaches its maximal at
about the time of puberty, after which it gradually decreases.>”
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Table 2. Comparison Between WN and MN Female (F) and Male (M) Nontreated and t-BHQ Treated of the Determinations Different.

Group

Determination WN WN-t-BHQ MNI MNI-t-BHQ MN2 MN2-t-BHQ MN3 MN3-t-BHQ

LPx

M* 1.55 + 0.4 12 +013 1.7+£04 12+0.l 42 £+ 1.1 1.3 £ 0.1 50 £ 22 1.06 + 0.1

F 147 + 02 143 £ 0.2 20+ 03 13 +016 38+09 14240l 54 + 1.7 .1 £ 0.2
Oxyblot

M* 1.0 +£ 0.0 1.0 + 0.0 I +£03 13+07 39+ 1.6 09 £ 04 43+ 17 05 £+ 02

F 1.0 + 0.0 1.0 + 0.0 14+ 04 07 +02 33+ 07 1.0 + 04 55+ 23 09 + 0.6
SOD content

M* 1.0 + 0.0 1.0 + 0.0 07 £ 02 1.0+ 0. 05 + 0.1 1.3 +£03 03 £ 0.0 0.6 + 0.0

F 1.0 + 0.0 10+ 00 091 +03 09 +02 0.6 + 0.1 I.I £ 0.0 04 + 0.0 05 + 0.1
GPx content

M* 1.0 + 0.0 1.0 + 0.0 09 +05 1.0+05 1.0 + 05 05 + 0.2 0.1 £ 0.0 .1 £03

F 1.0 + 0.0 1.0 + 0.0 06 £ 01 07 +00 07 £ 03 1.2 + 04 02 + 0.1 1.0 £ 0.1
CAT content

M* 1.0 + 0.0 1.0 + 0.0 09 +0I1 09 +03 0.7 + 0.1 0.6 + 0.2 0.6 + 0.1 0.6 + 0.2

F 1.0 + 0.0 1.0 + 0.0 09 + 0.1 1.0 + 0.2 0.6 + 0.0 07 £ 05 05 + 0.0 05 + 0.1
NF-kb p50 content

M* 1.0 +£ 0.0 1.0 + 0.0 12 +03 1.1 £0l .l + 04 1.0 +£03 1.3 +£ 06 1.2 + 04

F 1.0 + 0.0 1.0+ 0.0 1.1 + 0.1 I.1 + 0.1 0.8 + 0.0 1.2 + 0.0 1.0 + 0.1 I.I £03
NF-xb p65 content

M* 1.0 +£ 0.0 1.0 + 0.0 10+03 1.0+05 1.2 £ 05 02 £+ 0.1 I.I £ 0.5 03 £+ 0.1

F 1.0 + 0.0 1.0 + 0.0 124+03 1.0+02 4 + 03 02 + 0.0 1.0 + 0.2 05 + 0.0
Antioxidant activity (SOD)

M* 310 + 7.1 179 + 136 279 +98 994 + 255 162 +25 859 + 19 55+ 23 80.5 + 12

F 277 £ 49 263 + 135 215 +36 82+ 167 173 +£19 727+ 13 316 + 12 772 + 87
Antioxidant activity (GPx)

M* 207 + 64 114+25 119+33 275+57 105 +22 259 + 23 33 +248 264 + 25

F 242 + 66 165+ 1.7 166 +59 350+28 137 +33 286+ 1.8 525+ 23 298 + 0.6
Antioxidant activity (CAT)

M* 40.7 £ 12,1 413 + 18 210 +£ 68 340 £44 202+ 3.1 333+39 Il.7+38 39.0 + 49

F 422 + 9.1 406 + 1.1 265 +90 328 +29 180 +29 313+22 100+15 359 + 32

Abbreviations: GPx, glutathione peroxidase; LPx, lipid peroxidation; SOD, superoxide dismutase; t-BHQ, tert-butylhydroquinone.

*No differences were found between male and female rats of the same group.

The age-associated thymus involution follows a regular pattern
for all individuals, although clear differences between the sexes
have been described.>'* In a study accomplished in monkeys,
the thymic delineation of the cortex and the medulla was sig-
nificantly decreased in the 7 to 15 years of age-group for males
compared to female monkeys,>* whereas in mouse, the differ-
ence in the female and male thymus weight was more pro-
nounced after 2 to 2.5 months of age, being the female
mouse thymus heavier.*® Similarly, it was evidenced that thy-
mic atrophy occurs at a differential rate in female and male
mice, with a greater number of cells in thymus of female com-
pared with male mice, up to the age of 9 months.** This sug-
gests better thymic function in females.* It is very likely that
the causes for these differences are a result of the hormonal
milieu and, specifically, the effects of endogenous and/or exo-
genous sex steroids, as supported by findings in laboratory
animals,*® from the onset puberty. However, other studies
have shown that thymic size was similar in both male and
female mice from birth to adulthood.>” In our study, no

significant differences could be observed between females
and males, probably due to the age of the offspring (21 days),
where the endocrine changes are not so evident between both
sexes, and the thymus has not yet reached its maximal size.
However, it is very important to carry out studies in later
stages of life, to identify whether malnutrition can affect dif-
ferentially each gender.

It has been reported that food supplementation for 32
days with t-BHQ 0.001% (wt/wt in high-fat diet mice) and
that t-BHQ oral administration reduced body weight gain in
normal diet fed mice.>® In relation to this, in this study no
differences were found in the body and thymus weight in
the t-BHQ-treated groups compared to the NT. This sug-
gests that the concentration and time period of t-BHQ
administration are determinant factors that can impact on
the organism body weight.

The evaluation of the GSH/GSSG ratio provides a reliable
estimate of the cellular RS and is often measured as an OS
indicator. Likewise, it has been shown that several pathological
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conditions where OS plays an important role are characterized
by an imbalance in the GSH/GSSG ratio. So it is of great
importance to maintain a strict regulation of this system
because GSH deficiency puts cell at risk of oxidative dam-
age.*® Due to the above and since there is no information about
the possible protective effect that t-BHQ might induce in lac-
tating organisms, a dose—response curve was done to determine

the optimal experimental concentration at which the t-BHQ
improves and/or maintain the RS in malnourished organisms.
Our data showed that the GSH/GSSG ratio decrease in the
MN2 and MN3 treated with t-BHQ 25 mg/kg and NT compared
to their respective WN group; meaning that MN is linked with
alterations in RS and that this dose did not prevent OS. MN
groups treated with t-BHQ 50 mg/kg showed no difference



Dose-Response: An International Journal

140

120 -

100 i
ONT

& mtBHa

60
40 -

SOD Activity U/mg of protein

WN MN1 MN2 MN3

I
I
I
I
I
I
I
1
I+
1
I
I
I
I-H-
I
I
1
1
1
1
I
I
I
I
I
I

40 I 3 1

ONT
mtBHQ

GPx Activity U/mg of protein
L — [ N w w
(=] w o (0,] o (0] o (9]
a
*
£

WN MN1 MN3

@)

60 .

50

40 -

” &
30
20
10 |_\L
0
WN MN1 MN2

Figure 4. Figure shows the enzymatic activity for (A) SOD, (B) GPx,
and (C) CAT. Each point represents the mean + SE. *P < .05 statistical
significance between MN-t-BHQ groups in relation to their MN-NT
group. P < .05 significant differences between MN-NT groups (black
line) or MN-t-BHQ (dotted line) with respect to their WN. GPx
indicates glutathione peroxidase; NT, nontreated; SE, standard error;
SOD, superoxide dismutase; t-BHQ, tert-butylhydroquinone.

ONT
B tBHQ

CAT Activity U/mg of protein

MN3

with respect to the WN maintain the normal GSH/GSSG ratio.
Although the t-BHQ 75 mg/kg dose caused an increase in the
values in MN2 and MN3. Since the t-BHQ 75 mg/kg dose
improved GSH/GSSG ratio that dose was chosen for the rest
of the experiments in the rationale that it could probably lead to
an improvement in antioxidant protection mechanisms and a
decrease in OS. However, t-BHQ 100 mg/kg generated a toxic

effect and caused cellular death (50%), probably modifying the
cellular RS and consequently exerting a prooxidant role*® due
to a reduction in the intracellular GSH levels and/or an increase
in the electrophiles such as tBBQ that could deplete cellular
GSH increasing cellular susceptibility to electrophilic attack
and causing cell death.*'

It has been argued that OS can lead to structural and
functional modifications in different molecules that alter cells
physiology and compromise the organism®*; it is known that
childhood MN increases LPx in blood and serum. Our results
show that MN is clearly related to LPx rise in MN2-NT and
MN3-NT, compared to the WN-NT group. Lipid peroxidation
can bring serious consequences to MN organisms because it is
known that LPx products such as MDA can modify cell mem-
brane ionic permeability and augment protein damage,** which
are associated with edema pathogenesis in kwashiorkor MN.**
When MN rats were treated with t-BHQ, LPx levels were sim-
ilar to the ones observed in the WN-NT group. The t-BHQ
protective effect in experimental models has also been evi-
denced in other studies, where LPx decrease was observed
when was exposed to cisplatin, a chemotherapeutic drug that
causes nephrotoxicity.*’

In regard to proteins oxidative damage, it has been reported
that oxidized proteins in MN organisms increase in cerebellum,
hippocampus, and cerebral cortex.*® In addition, in children
with kwashiorkor MN, oxidized amino acids such as 0,0’-dityr-
osine and ortho-tyrosine has been found in urinary.** In this
study, we observed an increase in protein oxidation in function
of malnutrition degree MN3>MN2>MN1. Suggesting that
body deficits greater than 25% may predispose to increased
oxidative damage. Protein oxidation can promote proteolysis,
denaturation, aggregation, loss of function, and even cell
death.*” Tt should be noted that this damage decreased in
MN2-t-BHQ and MN3-t-BHQ, compared to their MN-NT
group. Hence, t-BHQ protected the animals also against protein
oxidative damage. In other studies have shown similar results
regarding t-BHQ protective in kidney of pretreated animals that
were exposed to cisplatin or to ischemia—reperfusion.*>**

Several studies have determined the effect of MN on
antioxidant defense mechanisms.*® In these studies, a decrease
in the nonenzymatic antioxidant molecule levels has been
reported; mainly in particular trace elements involved in oxi-
dative damage protection such as Se and Cu.*’

It has been shown that SOD serum activity and GPx activity
in whole blood are reduced in MN3 children.’®>! Hence,
another aim of this study was to determine the protective effect
of t-BHQ on antioxidant mechanisms by assessing SOD, GPx,
and CAT protein content and enzymatic activity. Our results
showed a decrease in SOD content in the group MN3-t-BHQ
compared to the WN-t-BHQ); interestingly SOD enzymatic
activity was increased in all MN degrees t-BHQ-treated rats.
In contrast, no changes in GPx content were found in MN t-
BHQ-treated groups when compared to WN-t-BHQ group.
This could be related in turn, with an improvement in their
enzymatic activity in the same MN groups. Likewise, it has
been shown that t-BHQ pretreatment in rats avoids
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nephrotoxicity by increasing GPx enzymatic activity.*> The
increase in these antioxidant protection mechanisms may be
related to the protective effect observed in proteins and lipids
against oxidative damage in MN-t-BHQ-treated animals,
due to a hormetic response generated by t-BHQ, which is
capable of inducing a preconditioning cellular response.
That is, when cells are subjected to low concentrations of
a toxic agent they might generate an adaptive response,
which protects them against the toxicity of that same agent
at higher concentrations.””

In regard to CAT, its content decreased in the MN2-t-BHQ
and MN3-t-BHQ and its activity was the most committed in all
MN groups. This decrease is probably caused by iron defi-
ciency, an element indispensable in their active site, which in
turn could be associated with a ferritin deficiency, iron storage
protein that is diminished in MN children.”® Another explana-
tion may be due to a reduction in CAT synthesis rate as result of
dietary restrictions in MN organisms.>*

As mentioned above, t-BHQ is a known Nrf2 inductor, how-
ever, contrary to what was expected, no significant differences
were found in this transcription factor content in the subcellular
fractions analyzed (data not show), probably because Nrf2 dis-
tribution in the different cytoplasmic compartments is a fast
temporal and spatial event,”> which did not coincide with our
experimental determinations, that were carried out at the end of
the treatment.

It has been shown that MN itself induces a low-grade
inflammatory state,’® thus it is worthy to explore the transcrip-
tion factor NF-kB implicated in this inflammatory response.
Some studies have confirmed that NF-xB increased transcrip-
tional activity is associated with the increase in the p65 subunit,
both gene and protein expression. That reports coincide with
the results obtained in this study. The p65 content increased in
MN2-NT and MN3-NT organisms. Suggesting that NF-«xB car-
ried out its transcriptional activity”’ and activated gene expres-
sion, including those involved in the inflammatory response
such as TNF-o.°® In addition, it has been evidenced that in
MN mice, peritoneal macrophages increased NF-kB activity
compared to cells of WN.* In contrast to p65 increase in the
MN2-NT and MN3-NT, animals treated with t-BHQ showed a
decrease in NF-kB. This in turn could indicate a decrease in the
pro-inflammatory protein content.® As proposed previously,
1% t-BHQ pretreatment for a week prior to traumatic brain
injury markedly decreased NF-xB activation, inflammatory
cytokines production, and even attenuated apoptosis frequency.
For this reason, it has been suggested that inflammatory cyto-
kines induction, such as TNF-a or IL-6, are inhibited by phe-
nolic antioxidants, including t-BHQ. Thus, NF-«B is proposed
as target for inhibition, specifically by blocking to formation of
NF-kB-binding complex with DNA.®' Likewise, in the present
study it can be suggested that t-BHQ may have anti-
inflammatory effects in MN organisms and also be related to
the oxidative damage reduction observed here, although this
fact must be confirmed.

In summary, our study shows that MN in early stages in life
is strongly associated with increased oxidative damage, which

can directly contribute to the thymus dysfunction and conse-
quently can potentially modify the immunologic response
against infectious stimuli in these organisms. Interestingly,
t-BHQ induced a protective effect against lipids and proteins
oxidative damage in MN rats, by restoring their antioxidant
protection mechanisms, mostly GPx and SOD. However, more
experiments are needed before suggesting that t-BHQ might be
a helpful molecule to help restoring MN dysfunctions. Like-
wise, we consider that the effects at the long run might be
different between sexes, so a new study must be designed in
order to evaluate these differences in stages after breastfeeding,
where there should be more evident.
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