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Abstract: Previous studies demonstrated that the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D),  toxicity may be 
due to cell death by apoptosis.  2,4-D is approved to be associated with many disorders especially neurotoxicity. 
FTIR spectroscopy and transmission electron microscopy were used to investigate the neurotoxicity induced by LD50 
dose of 2,4-D onto the cerebellum rat brain tissue. In response to 2,4-D stress, there is a significant increase in the 
intensities as well as bands  area of 3463cm-1 , 3276cm-1  and 3165cm-1 bands; the first band corresponds to the 
changes in the number of lipids hydroperoxyl and to lipid hydroxyl groups formed by oxidation. There are decrease 
in membrane lipid polarity, increase the disorder and the looseness of lipid chain packing and a significant increase 
in the formation of carbonyl compounds. Moreover, protein content and secondary structure were significantly 
influenced upon 2,4-D intoxication. Consistent with the IR results, EM analysis revealed morphological changes in 
the 2,4-D treated cerebellum tissue including nuclear damage with massive condensation of chromatin, 
mitochondrial matrix swelling, loss of cristae and rough endoplasmic reticulum dilatation and vesiculation. Thus, 
2,4-D influences membrane lipid polarity, fluidity and protein order, in addition to the morphological changes all of 
which can be considered as apoptosis biomarkers.  
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1. Introduction 

Since the early 1990s, it has been argued that 
many chemicals used for agricultural, industrial or 
domestic purposes can enter the food chain, and 
produce a number of disorders in animals and man. (1)  

2,4-dichlorophenoxyacetic acid (2,4-D) is a 
selective herbicide, with highest toxicity to broadleaf 
plants, used around houses, gardens, in agriculture 
and forestry.(2) 2,4-D is easily adsorbed into human 
from the alimentary tract and skin and excreted in the 
urine in nearly unchanged form.(3) 

It was approved for 2,4-D to be associated with 
neurotoxicity,(4) hepatotoxicity,(5) immunotoxicity,(6) 
teratogenesis,(7) endocrine disruption,(8) and renal 
toxicity.(9) 

It is also suggested that 2,4-D causes cell 
apoptosis as a result of changes in membrane 
potential in mitochondria and initiating of caspase-
dependent reactions.(10) It is believed that the 
mechanism of toxicity of many compounds concerns 
the formation of reactive oxygen species (ROS), 
including superoxide anion, hydrogen peroxide, 
superoxide radical and hydroxyl radical.  

In this study we have used FTIR spectroscopy to 
investigate the toxicity induced by 2,4-D onto the 

cerebellum rat brain tissue, looking for a double 
objective:  
     a- To monitor the  neurotoxicity and the oxidative 
stress induced by 2,4-D intoxication by using FTIR 
spectroscopy  and Transmission Electron Microscope 
(TEM) in cerebellum rat brain tissue. 
     b- To prove that FTIR parameters employed in this 
study can be used as biophysical indicators of toxin-
induced cell/or membrane damage as a result of 
apoptosis. 
 
2. Materials and Methods 
i- Experimental Animals 

The experimental work of the present study was 
conducted at the King Fahd Medical Research Center, 
Medical Biophysics Laboratory at King Abdulaziz 
University, Jeddah, Saudi Arabia. This study was 
carried out using a total number of 15 male albino 
Wister rats supplied by the King Fahd Medical 
Research Center, with a mean initial body weight of 
250-350 g. The animals were grouped by randomized 
design and were housed individually in plastic cages 
in a room with a relative humidity of 70%, 
temperature of (24±1°C), and exposed to a light and 
dark cycle of 12 h duration. The first group (5 rats) is 
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the control  and the second group (10 rats) is the 2,4-
D treated group (2,4-D) that received a single oral 
gavage LD50 dose of 639mg/kg body weight of 2,4-D 
were then sacrificed 24hrs after 2,4-D administration.  
All rats received the same basic diet in pellet form 
Grain Silos and Flour Mills Organization, Jeddah, 
Saudi Arabia and water as beverage. Diet and water 
were supplied ad-libitum.  

The individual animal body weight was 
recorded then animals were killed by decapitation and 
brains were rapidly removed, washed with saline and 
then divided into two parts in Eppendorf tubes. The 
first part was immediately immersed in liquid 
nitrogen and stored at −80 °C in a deep freeze. All 
samples were lyophilized prior to infrared analysis. 
For fixation, glutaraldehyde was added to the second 
part for TEM analysis until assayed. 

 
ii- Electron microscopy 

The dissected cerebellum was fixed with 
glutaraldehyde in 0.2 M Phosphate buffer for 5–6 hrs 
at 48oC. The fixed brains were cut into approximately 
1mm cubes. The cubes were post fixed in 2% OsO4 
for 2 hrs at 48 oC and then dehydrated in an ethanol 
series. The pieces were embedded in EPON/812 taab, 
cut into 0.5 mm thick sections using ultra microtome 
(LKB Sweden) and mounted on Nickel grids (300 
mm). The sections were double stained with uranyl 
acetate and lead citrate and then examined by TEM  
(Philips CM100, Netherlands) and photographed.  
iii- Infrared spectroscopic measurement 

The FTIR spectra from the lyophilized samples 
were obtained from KBr pellets according to (11). 
Infrared spectra from three rats represented each 
group were recorded using a Shimadzu FTIR-8400s 
spectrophotometer with continuous nitrogen purge. 
For single rat, the IR spectra were obtained from 
different KBr disks and then coadded. Typically, 20 
scans were signal-averaged for a single spectrum and 
at spectral resolution of 4 cm-1. To minimize the 
difficulties arising from unavoidable shifts, each 
spectrum was baseline corrected, normalized as 
normalization produces a spectrum in which 
maximum value of absorbance becomes 2 and 
minimum value 0. Other normalization methods such 
as normalization to amide I band had also been tested 
and gave negligible changes in the results. Pellets 
were scanned at room temperature in the 4000–400 
cm-1 spectral range. Background spectra, which were 
collected under identical conditions, were subtracted 
from the sample spectra automatically. After co-
adding all IR spectra obtained from each group, each 
group is now represented by one IR spectrum, the 
entire spectra were normalized and baseline corrected 
by using IR solution software. Treating the spectra 
with Kubelka Munk algorithm was also performed by 

using the same software. Deconvolution and the best 
fits for decomposing the bands in the spectral region 
of interest were obtained by Gaussian components 
using Omnic software in order to increase the 
resolution of the overlapping bands. The parameters 
studied were proteins and lipids. The absorbance 
ratios were taken from the raw spectra. 

 
Statistical analysis 

Different absorbance ratios for specific bands 
were calculated. An analysis of variance (Mann-
Whitney test) was conducted to confirm the results 
obtained from IR measurements.  

 
3. Results 

In this study, the neurotoxic effect of pesticide 
2,4-D was investigated with FTIR spectroscopy by 
monitoring different functional groups. 
Representative infrared spectra of cerebellum rat 
brain tissue taken from cont. and 2,4-D treated groups 
are shown in  Fig. 1a.  The figure shows typical 
infrared spectra of biological tissues belonging to 
proteins, lipids carbohydrates and nucleic acids. The 
main absorption bands together with their proposed 
band assignments are given in Table 1 according to 
the literature. (12) (13) 

Careful examination of the of the IR spectra 
revealed that there are no differences between the 
spectra of the groups under investigation apart from 
slight changes in the band intensities and frequencies 
shift. 

The wide overlapping of bands in the raw 
spectrum results in a difficulty in band segregation 
and their assignment, and so using raw spectrum in 
the interpretation of data may not be totally 
conclusive as a result of noisy raw data. (14) Thus, 
treating the raw spectrum with Kubelka Munk 
algorithm, which is used here for illustrative purposes 
only (Fig. 1b), and/or later peak resolving may be the 
solution for this issue. (15) 

Fig.2 shows the curve-fitting analysis, the 
absorption band intensities, frequencies, half band 
width (HBW) and area were also given in (Table 2) 
as the intensity and/or more accurately the area of the 
absorption bands are considered to be directly related 
to the concentration of the molecules.(16) 

Detailed spectral analysis will be discussed here 
in three distinct frequency ranges, namely 3700-
3050cm-1, 3050-2800 cm-1 (C-H stretching region) 
and 1800-1500 cm-1 respectively. 

 
1- Analysis of Hydroxyl and Hydroperoxyl 

Bands 
The spectroscopic measurement of peroxides in 

brain tissue samples is usually used to determine the 
oxidative stress levels. Peroxide determinations can 
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be carried out by many different ways such as the 
νOH band of hydroperoxides located in the 3500-
3000 cm-1 region.(17) This procedure is reliable for 
dried samples as in case of the lyophilized brain 
samples enrolled in this study.  

In the raw spectra, the region 3600-3050 cm-1, 
which is characterized for O-H and N-H stretching 
vibrations of lipids and proteins, shows important 
changes in the intensity and the shape of this broad 
band.  

The band at 3300 cm-1 corresponding to the 
amide A stretching mode can be associated with N-H 
stretching and intermolecular O-H molecules. 
Probable IR bands due to N-H vibrations from amide 
A can be hidden by the more intense O-H stretching 
vibrations upon oxidation.(18)  The intensity of the OH 
stretching bands (3600 cm-1 - 3100 cm-1) reveals the 
degree of lipid oxidation and the amount of hydroxyl-
containing lipid like cholesterol.(19)  

By using a curve fit algorithm, the peaks for OH 
from lipids resolved into two major and two minor 
bands (Fig. 2a). The band intensity at 3467 cm-1 is 
perceptive to the changes in the number of lipids 
hydroperoxyl groups formed by oxidation.(20)  The 
other band intensities are sensitive to lipid hydroxyl 
groups formed by oxidation, while the amide B band 
centered around 3066cm-1 is an indicator for the 
protein content in the brain tissue.(19) In response to 
2,4-D stress, there is a significant increase in the 
intensities as well as bands  area of 3463cm-1 , 3276 
cm-1  and 3165cm-1 bands while a marked reduction in 
the area of amide B (around 3068cm-1) band is 
observed in comparison to the cont. group. In 
addition, the amide B band centered at 3068.84cm-1 
was shifted to lower frequency (3066.37) upon 2,4-D 
treatment (Table 2).  

These results are also confirmed with the 
observed decrease in specific protein ratios. Amide 
A/Amide B, Amide I /νas(CH2) ratios were calculated 
and are used here as a spectroscopic quantitative 
measurements of protein content in rat brain tissue 
(Table 3). Upon 2,4-D intoxication, the observed 
decrease were [from 1.975± 0.04, 1.385±0.1 to 
1.855± 0.07, 1.349± 0.1] in Amide A/Amide B ratio 
and Amide I /νas(CH2) ratios respectively. 

 
2- The region 3050-2800 cm-1: Symmetric and 
asymmetric stretching of methyl (CH3) and 
methylene (CH2) functional groups 

     Other strong bands in the spectra of these 
brain tissues are found to be centered in the 3000-
2800 cm-1 region, which corresponds mainly to the 
CH stretching vibrations of lipids hydrocarbon 
chains.(21)  

The characteristic  spectral behavior of these 
bands upon lipid oxidation can be considered as a 

different alternative method for peroxide 
determinations and could be a measurement of the 
CH stretching bands, which because of oxidation can 
result in disordering of hydrocarbon lipid chains and 
subsequent increase of the corresponding half-band 
widths and/or band area.(22) 

The spectral behavior of the lipid νCH bands in 
this region reflects 2,4-D oxidation. The decomposing 
of this region (Table 2) revealed that, primary 
oxidation products in the cerebellum treated brain 
tissue induce significant changes in the physical state 
of the lipid acyl chains. These changes are presented 
in the form of band shapes, frequency shifts, half 
widths, peak heights , and integrated intensity of the 
decomposed vibrational bands.(21)  Compared with the 
untreated brain sample, the stretching bands of CH2 
groups at 2921 and 2866cm-1 in 2,4-D stressed 
samples show significant broadening (HBW) towards 
higher frequency (Table 2).  

By contrast, the intensity, HBW and the area of 
the 2866cm-1 band relative to that of the 2921cm-1 
band has decreased from control to 2,4-D treated 
sample. To explore the lipid chain polarity and order 
due to 2,4-D toxicity, certain lipid intensity ratios 
were calculated. νas(CH2) / νs(CH3) ratio is used here 
as a measurement of environmental polarity as it 
increases with the polarity of lipid chains 
environment and νs(CH2) / νs(CH3) ratio which is 
correlated with the looseness of lipid chains packing ( 
Table 3). Also, the slight observed band shift towards 
higher frequency in the stretching CH2 band centered 
at 2922.769cm-1 in control to 2922.899cm-1 in 2,4-D 
stressed samples indicates a change in membrane 
fluidity. Thus, the higher the frequency the higher the 
membrane fluidity.(23) 

 

3-The region 1800-1500 cm-1 
     In  response to 2,4-D treatment, the intensity 

value of the amide I centered at 1654cm-1 which is 
commonly associated with the infrared stretching 
vibrations of  C=O in proteins is dramatically 
decreased (Fig. 1b). This decrease was consistent 
with the earlier observed decrease in the amide B 
band area and HBW  around 3066cm-1 (Table 3).   

For further investigation of this region, 
deconvolution and the best curve-fit for amide I band 
contour of the tested groups were carried (Fig. 2b). 
The data presented in (Table 4) summarize the 
calculated positions, the corresponding secondary 
structure of proteins and the fractional percentage 
areas of the amide I component bands from cont. and 
2,4-D treated groups.  

It is observed from (Table 4), that the area 
percentage of α-helix secondary structure is decreased 
from 21.81% to 18.34%, while the total area 
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percentage of β-sheet structure increased from 60.05 
to 66.87 due to 2,4-D toxicity. 

 
4- Analysis of Carbonyl Bands 

The peak shoulder present at 1735 cm-1 can be 
contributed to the ester C=O stretching of 
phospholipids (24), not present in DNA and proteins. 
The esterified band C=O at 1735 cm-1 is strongly 
associated with lipids so that any shift in the 
frequency of this band can be directly correlated with 
alterations in the state of intramolecular hydrogen 
bonding of the interfacial region of the phospholipids 
structure with water and/or some functional groups of 
other molecules.(25) An increase in this band intensity 
in response to 2,4-D toxicity was observed (Table 2). 

To examine the weight of formation of carbonyl 
compounds against lipase action or lipid degradation 
during lipid oxidation, the ν(C=O) /Amide II ratio 
was calculated (Table 3). There is a significant 
increase in this ratio due to 2,4-D intoxication. The 
decomposing of the band around 1735cm-1 shows two 
peaks at ~1720cm-1 and ~1741cm-1 (Fig. 2b). The 
first was decreased in area from 31.87 to 30.968, 
while an increase in the area around 1741cm-1 from 
28.001 to 32.901 after treatment was detected. Both 
bands were shifted towards higher frequency in 
response to 2,4-D toxicity (Table 2). 
 
Electron microscopy 

To provide further insight to the nature of the 
neuronal cell death caused by 2,4-D and in order to 
know if the biochemical changes observed after 2,4-D 
administration were strong enough to leave an impact 
on the morphology from control and treated group, 
we examined the cerebellum tissue for morphological 
changes by transmission electron microscopy. 

At the electron microscopic level of cerebellum 
sections in cont. group most neurons were found to 
possess relatively normal cell membranes, round 
euchromatic nucleus (Fig. 3a) surrounded by contact 
nuclear envelope, small ovoid or rod shape 
mitochondria, short  parallel rays of rough 
endoplasmic reticulum with attached ribosomes and 
secretary granules  in normal  nucleus – cytoplasmic 
ratio  (Fig. 3b).  It is very remarkable to mentioned 
that mitotic division was noticed (Fig. 3c) as 
cytokinasis- stage which still have the cytoplasmic 
connection (Fig. 3d). In 2,4-D treated group, brain 
cells contain numerous cells undergoing apoptosis 
and the majority of dying cells are neuron cells. In 
addition to the most well-known classical apoptosis, 
which is characterized by early nuclear collapse and 
massive condensation of chromatin with polymorph-
mitochondria that have dense matrices Binukumar et 

al.(26) (Fig.  3e), shows late nuclear damage type, 
which involves massive vacuolization of the 
cytoplasm with delayed collapse of the nucleus, the 
cytoplasm being consumed by expansion of the 
lysosomal system, mitochondrial matrix swelling and 
loss of mitochondrial cristae with dilatation and 
vesiculation of rough endoplasmic reticulum   (Fig. 
3f) the same results were obtained by Kaur et al.(27) 
and Sharma et al. (28) 

 

4. Discussion 
The mechanism of toxicity of many compounds 

concerns the formation of reactive oxygen species 
(ROS), including superoxide anion, hydroperoxide, 
superoxide radical and hydroxyl radical. These 
compounds are capable of reacting with proteins, 
nucleic acids, lipids and/ or molecules that lead to 
changes in their structure and finally to cell damage 
or cell death.(29) 

Oxidative stress has been proved to occur in 
response to different doses of pesticides as 2,4-D (5)  
leading to  neurochemical changes.(22) Therefore, the 
spectroscopic measurement of peroxides in brain 
tissue samples is of interest to determine levels of the 
oxidative stress.     
 
Table.1:  General assignment of the FTIR spectra of 
brain tissue in the 3600-445cm-1 spectral rang 

 

Wave 
number 
(cm-1) 

Band assignments 

3301  Amide A: mainly ν(N–H) of proteins 

3072 Amide B: ν(N–H) of proteins 

3014 Olefinic ν(HC=CH): lipids 

2956  νas(CH3): mainly lipids 

2921 νas(CH2): mainly lipids 

2873 νs(CH3): mainly protein 

2852  νs(CH2): mainly lipids 

1735  Carbonyl ν(C=O): lipids 

1654  Amide I: ν(C=O) of proteins 

1544  Amide II: δ(N–H) and ν(C–N) of proteins 

1462  δ(CH2) stretch: mainly lipids 

1396  νs(COO-): fatty acids and amino acids 

1236  νas (PO-2): mainly phospholipids 

1082 
νs(PO-2): mainly nucleic acids; ν(HO–C–H): 
carbohydrates 

1000-455 Fingerprinting region: mainly nucleic acids 

(ν: stretching vibrations, δ: bending vibrations,  
s: symmetric, as: asymmetric). 
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Table 2: Wave numbers, intensities, HBWs and areas of different IR spectral regions. 

Groups 
Wave number  
(cm-1) 

Intensity HBW Area 

          

Cont. 3463.486 3.746 257.786 1027.984 

  3276.96 3.437 199.243 728.926 

  3165.49 0.752 83.283 66.637 

  3068.848 1.583 115.399 194.422 

2,4-D 3467.536 4.026 273.577 1172.24 

  3272.619 3.367 209.578 751.24 

  3157.246 0.806 90.298 77.46 

  3066.365 1.586 100.46 169.587 

          

Cont. 2962.205 1.506 26.507 42.483 

  2922.769 4.047 43.021 185.349 

  2858.683 2.174 53.432 123.671 

2,4-D 2962.741 1.486 26.948 42.624 

  2922.849 3.962 44.627 188.229 

  2858.58 2.175 52.553 121.646 

          

Cont. 1741.302 1.437 18.307 28.001 

  1720.75 1.152 25.993 31.87 

2,4-D 1741.52 1.6517 18.7128 32.901 

  1722.045 1.2551 23.179 30.968 

 
Table 3:  IR intensity absorbance ratios with standard deviation as spectroscopic quantitative measurements of 

protein content and membrane lipid environment in rat brain tissue. 

Ratios/Groups Cont. 2,4-D 
Amide A/B 1.9753 ±  0.04 1.8548 ± 0.07* 
Amide I /νas(CH2)lipids 1.3848 ± 0.1 1.3498 ± 0.1 
νs(CH2)lipids/ νs(CH3)lipids   1.2509 ± 0.04 1.1870 ± 0.06* 
νas(CH2)lipids/ νs(CH3)Lipids 1.9083 ± 0.05 1.8148 ± 0.07* 
ν(C=O)lipids/Amide II 0.4595 ± 0.03 0.5103 ± 0.02* 
Values are means±S.D. For three rats each group. Significance is at p < 0.01.    *  means highly significant. 
 
Table 4. Curve fitting analysis expressed as a function of areas of main protein secondary structures and their band 
assignments for control and 2,4-D intoxicated brain tissues. 

 
 

Wave number 
(cm-1) 

Band assignment 
Cont. area % 

percentage 
2,4-D area % 

percentage 

1612-1621 β-turns 13.13 13.12 

1634-1639 
1641 

Parallel unordered 
structure 

18.15 14.77 

1650-1657 α-helix 21.81 18.34 

1666-1669 β-turns 31.66 28.68 

1672-1677 Parallel β-sheets 1.39 7.96 

1681-1687 β-sheets 3.22 7.71 

1694-1698 Anti-parallel β-sheets 10.65 9.4 

The region 3600-3050 cm-1 (Hydroxyl and Hydroperoxyl 

The region 3050-2800 cm-1 (CH3) and (CH2)  

The region 1800-1500 cm-1 (carbonyl bands) 
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Fig. 1:  (a) FTIR spectra of cont. and 2,4-D treated rat cerebellum brain tissue. Characteristic functional groups at 

specific wave numbers are indicated in the figure.  
(b)Kubelkamunk spectra of brain tissue of cont. and 2,4-D treated group in the 1800-1500cm-1 IR spectral 
region. 
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Fig. 2: (a) Curve fitting of brain tissues of cont. and 2,4-D group in the FTIR 3700-2700cm-1 spectral range (O-H, N-

H stretching and CH vibrations).  
(b)Deconvolution and Curve fitting for the amide I amide band in brain tissue for control and 2,4-D groups. 
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Figure 3: Transmission electron micrograph of the  control cerebellum of rat brain sacrificed after 24h showing  
(a) : Normal appearance of neuron  with tree-like dendritic  (arrow)  have nucleus (N)  ,small ovoid mitochondria (M), rough 

endoplasmic reticulum (rER)  in normal  nucleus –cytoplasmic ratio (x4600).  
(b) Enlarged part of the pervious figure  showing: Normal   nucleus (N)  surrounded by contact nuclear envelope ,small ovoid 

mitochondria (M),  long parallel rays of rough endoplasmic reticulum (rER) with attached ribosomes and secretory 
granules (arrow) (x7900). 

(c) Control cerebellum of rat brain sacrificed after 24h showing   mitotic division in  cytokinasis  stage (x3400).  
(d) Enlarged part of the pervious figure showing: Normal    neuron cell in cytokinasis  stage still have the cytoplasmic connection 

(arrow) (x7900).  
(e) Cerebellum of rat brain sacrificed 24h after2,4-D treatment  showing: apoptotic cell with shrinkage neuron  nucleus (N) have 

chromatin condensation (stars ), wide pores (arrows) and contact nuclear envelope (Ne) . Polymorph-mitochondria (M) 
with dense matrix and   rough endoplasmic reticulum (rER)(x13500).  

(f) Another apoptotic cell from same group with round neuron  nucleus (N) have chromatin condensation (arrows) and surrounded 
by diluted nuclear envelope (Ne). Not, swollen mitochondria (M) with loss of cristae, dilated rough endoplasmic 
reticulum (rER1) or vesiculated (rER2) with detached ribosomes and lysosome (x13500). (Lead citrate & uranayl 
acetate). 
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The significant increase in the intensity as well 
as band area of 3463cm-1 , 3276 cm-1  and 3165cm-1 
bands upon 2,4-D intoxication could be attributed to 
an increase in lipid  oxidation as the intensity of the 
OH stretching bands (3600 cm-1 - 3100 cm-1) reflects 
the degree of lipid oxidation and the amount of 
hydroxyl-containing lipid such as cholesterol.(19)  
Hydrophylic OH groups added to the hydrophobic 
region of lipid hydrocarbon chains with oxidation 
would be expected to disrupt Van der Waal’s 
interactions between adjacent hydrocarbon chains, 
thus disordering the membrane. (19) Compared with the 
untreated brain sample, the stretching bands of CH2 
groups at 2921 cm-1 and 2866cm-1 in 2,4-D stressed 
samples show significant broadening (HBW) towards 
higher frequency.  This means that, upon oxidation, 
the lipid chains are more disordered and there is 
conversion of lipid hydrocarbon chain trans rotomers 
to more gauche rotomers, which results in the 
mentioned band broadening and frequency shift (Table 
2). These results agree with Borchman et al. (19) who 
stated lower frequencies indicated fewer gauche 
rotomers and higher hydrocarbon chain order. The 
intensity, HBW and the area of the 2866cm-1 band 
relative to that of the 2921cm-1 band has decreased on 
going from control to 2,4-D treated sample, this result 
is consistent with (31), which can be explained as 
follows: the band at 2866cm-1 is generated just by 
symmetric stretching of CH2 groups, whereas the 
2921cm-1 band is attributed to contributions of 
asymmetric and symmetric motions of CH2 and CH3 
groups respectively. In addition, the relative intensity 
of 2921cm-1 band can be influenced by methane C-H 
stretching absorption near 2900cm-1 (31), which results 
from oxidation of CH2 groups to hydroxymethine 
groups. It is well known that CH3 groups exhibit a 
minor susceptibility to oxidation than that of CH2 
groups, since the lipid acyl chains are oriented within 
the cell membrane so that the methyl groups are 
located in the hydrophobic interior.(22). At the same 
time, the reduced νas(CH2) / νs(CH3) intensity ratio in 
2,4-D treated brain tissue is also indication of higher 
lipid acyl chain unsaturation and polarity, which is 
known to occur with lipid acyl chain peroxidation.(32) 

Cecilia et al., (23) studied the perturbation of 
membrane dynamics in nerve cells during bilirubin-
induced apoptosis by using spin labels and electron 
paramagnetic resonance spectroscopy analysis of 
whole cell and isolated mitochondrial membrane. Our 
results agree with their results and we can say 
assertively that, by physically interacting with cell 
membranes, 2,4-D induced decrease in lipid polarity 
sensed at a superficial level, increased the disorder and 
the looseness of lipid chain packing and increase the 
membrane fluidity. The enhanced membrane 
permeability coincided with an increase in lipid 

fluidity and protein mobility and was associated with 
significant oxidative injury to membrane lipids. (23) 
Tushcl & Schwab(33) studied the cytotoxic effects of 
the herbicide 2,4-D in hepatoma cell line HepG2. 
They suggested that the induction of apoptosis in 
HepG2 cells by 2,4-D was accompanied by disruption 
of the mitochondrial membrane potential as verified 
by staining with the cationic JC-1 probe. Moreover, 
upon 2,4-D toxicity, the formation of carbonyl 
compounds against lipase action or lipid degradation 
during lipid oxidation was significantly increased. As 
2,4-D proved to induce apoptosis to nerve cells, 
apoptosis involves biochemical changes on DNA, 
protein and lipid, protein synthesis and/or the 
modification of existing proteins (such as caspases). 
Lipids are also heavily involved in apoptosis. DNA 
fragmentation, activation of caspases and 
externalization of phosphatidylserine are considered to 
be three biomarkers of apoptosis.(34)  These results 
consistent with those found earlier, which suggest that 
the peaks at 1745(cholesterol and triglycerides ester 
C=O), 1720(carbonyl C-O stretch), and 1621cm-
1(peptide C=O stretch) are positively correlated with 
LDL oxidation.(35) 

These results strongly suggest that membrane 
phospholipids of brain tissue are attacked by free 
radical during oxidative stress mediated by 2,4-D 
treatment, which affect the lipid structure and lipid 
acyl chains saturation.(36) As 2,4-D is capable of 
binding itself with proteins, protein damage may be 
the result of direct impact of 2,4-D or its indirect 
effect, for example by generation of free radicals that 
results in protein peroxidation.(10)   

The marked reduction observed in the area of 
amide B (around 3068cm-1) band from 194.422 to 
169.587 in the 2,4-D treated tissues together with the 
shift to lower frequency from 3068.848cm-1 to 
3066.365 cm-1 upon 2,4-D treatment is an indicative to 
a decrease in protein content.(13) These results are 
consistent with  the observed significant reduction in 
the intensity as well as area of amide I bands around 
1654cm-1 in the brain spectrum due to 2,4-D 
intoxication which can be considered as a strong 
evidence of the decrease in the protein quantity of the 
system. This decrease is in agreement with the 
decreased observed in the Amide A/Amide B, Amide I 
/νas(CH2)lipids  ratios together with the observed 
band shift of the amide B band which  is shifted to 
lower values due to the toxic effect of 2,4-D. This 
could be a sign of the destructive effect of 2,4-D and 
could be attributed to a change in the composition of 
the whole protein pattern. (37) Cakmak et al., (38)  have 
also observed decreasing intensity in amide A and 
amide I bands, trend in rainbow trout liver treated with 
17β esradiol and nonylphenol. They elucidated this 
decreases in intensities of protein bands to alteration 
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of the protein synthesis and protein structure due to 
toxicities. Palaniappan and Vijayasundaram(13) also 
found a significant decrease in the intensity of amide 
A and amide I bands of the brain tissue of Labeo 
rohita due to arsenic intoxicatin, suggesting a decrease 
in protein quantity of rat brain tissue.  

FTIR spectroscopy is one of the major 
techniques for the determination of protein secondary 
structures in various tissues. (39) After deconvolution 
and curve fitting to the amide I and amide II bands it 
was observed that the total area of α-helix secondary 
structure is decreased, while the total area of β-sheet 
structures increased  due to the toxic effect of 2,4-D. 
The decrease in α-helix structure of the cerebellum 
brain tissues might be responsible for the increase in 
β-sheet structure, which was consistent with the 
mechanism of β-sheet formation. (13, 40) It is known that 
the β-sheet structure content in proteins can be formed 
by thermal- , salt-or solvent-induced aggregation (41) as 
a result of proteins denaturation. The β-sheet structure 
in 2,4-D intoxicated brain tissues suggests that the 
increase of the intermolecular hydrogen-bond 
interactions forms aggregates of higher molecular 
weight, and then modifies the secondary structure of 
proteins in brain tissues. (40) In apoptotic cells there is 
a significant intensity decrease in the region between 
900-1300 cm-1, which corresponds to the nucleic acid 
bands, with respect to viable cells. (42) This finding 
was consistent with our results since there is a marked 
reduction in this band area upon 2,4-D intoxication 
(data not shown).  It is also agree with the results 
obtained by Liu and Mantsch (43) when they describe a 
new analytical method, based on infrared (IR) 
spectroscopy, to estimate the percentage of apoptotic 
leukemic cells in two different cell lines (CEM and 
K562), induced with etoposide (VP-16). They detected 
changes in protein secondary structure, the increase in 
the overall lipid content and the decrease in the 
amount of detectable DNA. The above mentioned 
results which characterize the IR spectral signatures, 
indicative of apoptosis, were also supported 
morphologically by the transmission electron 
microscope analysis. 

Cerebellar granule cells showed that 2,4-D 
induced apoptosis to exposed cells.(44)  Apoptotic cells 
were characterized by chromatin margination to 
nuclear membrane and shrinkage of cell cytoplasm 
which is consistent with Kaur et al.(27).  Apoptosis is a 
mechanism that is regulated by genes and includes 
engagement of some receptors such as Fas and TNF 
receptor 1, by their ligands, or by agents that disrupt 
the integrity of the cell. Some chemotherapeutic drugs, 
may also cause caspase-dependent as well as caspase-
independent cell death mechanisms.(45)  

The present results showed that the electron 
microscopic examination of  2,4-D treated rat brain 

revealed that mitochondria undergo various 
morphological changes such as swelling, loss of 
cristae and cytoplasm shrinkage and chromatin 
fragmentation signifying apoptotic changes as 
compared to control ones which exhibited normal and 
intact mitochondria which agree with Kaur et al.(27) 
who found that ultra structural changes shown by 
electron microscopy examination of rat brain 
following 2,4-D exposure provided a clear evidence 
that 2,4-D-induced morphological changes were 
consistent with apoptotic cell death.(27) 

It has also been reported that 2,4-D induced 
neurotoxicity may be due to generation of free 
radicals.(30) When incubating rat cerebellar granule 
cells with 2,4-D in vitro, generation of reactive oxygen 
species (ROS) and activity of selenium-glutathione 
peroxidase (Se-GPx) are augmented.(37) Furthermore, 
chlorophenoxy acids structures are related to acetic 
acid and can form analogues of acetyl-CoA (e.g. 2,4-
D-CoA) in vitro. Formations of such analogues can 
disrupt several pathways involving acetyl-CoA, 
including the synthesis of acetylcholine. Possible 
formation of choline esters may act as false 
cholinergic messengers.(46) 

Oxidative damage occurs in mitochondria more 
than any other organelles in the cell because the 
existence of the respiratory chain in the mitochondria 
leads to the formation of damaging ROS. This 
oxidative damage may modify mitochondrial proteins, 
DNA and lipids which leads to mitochondrial 
bioenergetics failure leading to necrotic or apoptotic 
cell death.(47)  

Further, it has been demonstrated that apoptosis 
and necrosis are connected with structural and 
functional alterations in mitochondrial membranes 
exposed to 2,4-D. Chlorophenoxy herbicides can also 
disrupt cell membrane transport mechanisms by 
competitively inhibiting and saturating the organic 
anion transport system in the choroid plexus, which 
facilitates the removal of toxic anions. (48) 
 
Conclusion 

To conclude, by using FTIR and EM 
morphologic analysis of cerebellum rat brain tissue 
exposed to 2,4-D, we detected major membrane 
perturbation. By physically interacting with cell 
membranes, 2,4-D induced an almost immediate 
decrease in lipid polarity sensed at a superficial level, 
increased the disorder and the looseness of lipid chain 
packing and increase the membrane fluidity. 
Moreover, a remarkable decrease in protein content 
and a change in secondary structure were evident. 
Thus, with addition to the morphological changes, all 
of which can be considered as apoptosis biomarkers.  
As apoptosis involves biochemical changes on DNA, 
protein and lipid in addition to membrane perturbation 
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features, FTIR spectroscopy proved to be able to 
observe changes in individual living cells resulting 
from various agents that may induce apoptosis.  
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