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3,4-Dihydroxybenzaldehyde mitigates fluoride-induced cytotoxicity and 
oxidative damage in human RBC 
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A B S T R A C T   

Background: Fluoride is an essential micronutrient that is needed for mineralization of bones and formation of 
dental enamel. It is a widely dispersed environmental pollutant and chronic exposure to it is toxic, resulting in 
malignancies and hematological damage in humans. Blood is a major and early target of environmental pol-
lutants and toxicants like fluoride. Fluoride generates reactive oxygen species and free radicals which induce 
oxidative stress in target cells and mediate its toxic effects. The aim of this study was to determine the mitigating 
effect of plant antioxidant 3,4-dihydroxybenzaldehyde (DHB) on sodium fluoride (NaF) induced oxidative 
damage and cytotoxicity in isolated human red blood cells (RBC) 
Method: Isolated human RBC were treated with 0.5 mM NaF, in absence or presence of different concentrations of 
DHB (0.1–2.5 mM). Several biochemical parameters were analyzed in cell lysates and whole cells. 
Results: Treatment of RBC with NaF increased the formation of reactive oxygen and nitrogen species. It oxidized 
thiols, proteins and lipids and generated their peroxidative products. Methemoglobin level, heme degradation 
and lipid peroxidation were increased but cellular antioxidant status declined significantly in NaF alone treated 
RBC, compared to the control. NaF inhibited antioxidant, membrane bound and glycolytic enzymes in RBC. 
However, prior incubation of RBC with DHB significantly attenuated the NaF-induced alterations in all these 
parameters in a DHB concentration-dependent manner. 
Conclusion: These results show that DHB mitigates NaF-induced oxidative damage in human RBC, probably 
because of its antioxidant character.   

1. Introduction 

Fluorine is the 13th most abundant element in the earth’s crust. It is 
widespread in nature, almost entirely in the form of fluoride. The so-
dium salt, sodium fluoride (NaF), is used as a wood preservative, 
insecticide, anti-helminthic drug, corrosion inhibitor, cleaning agent, in 
metallurgy and glass industries [2]. Low concentrations of fluoride are 
beneficial to bone growth and dental health. Fluoride is, therefore, used 
in toothpastes as fluorinating agent to prevent dental caries, in phar-
maceuticals to prevent oral cavities and also added to municipal water 
and food products to maintain dental health [1]. However, chronic 
exposure to fluoride is toxic resulting in malignancies and tissue dam-
age. Being toxic and highly corrosive, fluoride alters cellular physiology 
and metabolism resulting in apoptosis [3]. It causes vomiting, diarrhea 
[4] and even death when swallowed [5]. Human exposure to excess 
fluoride can take place, mainly through direct intake of contaminated 

water and also from food, air, medications and cosmetics. Fluoride 
contamination and toxicity affects 62 million people in more than 20 
Indian states who suffer from dental/enamel fluorosis, skeletal fluorosis 
and osteosclerosis [6,7]. 

Numerous studies show that fluoride enhances generation of reactive 
oxygen and nitrogen species in vital organs which increase the oxidation 
of proteins and lipids and inhibit antioxidant (AO) enzymes. This leads 
to induction of oxidative stress condition in cells and tissues [2]. Many of 
these effects ultimately lead to apoptotic cell death [8]. 

Antioxidants (AOs) prevent oxidative damage of cellular compo-
nents, either by giving electrons to free radicals or neutralizing them. 
3,4-Dihydroxybenzaldehyde (DHB) is a natural plant polyphenolic AO 
that exhibits antimicrobial property and is commonly used to treat 
diarrhea [9]. DHB minimizes hydrogen peroxide (H2O2), superoxide and 
peroxyl radical mediated oxidative damage and apoptosis [10–12]. 
Since fluoride is thought to exert toxicity by inducing oxidative stress we 
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examined the possibility that DHB could protect against it due to its AO 
character. In this study we show that DHB attenuates the cytotoxic ef-
fects of NaF using human RBC as the cellular model. 

2. Materials and methods 

NaF and DHB were purchased from Sigma-Aldrich, USA. All other 
chemicals were obtained from either Sigma-Aldrich, Sisco Research 
Laboratory (Mumbai, India) or Himedia Laboratories (Mumbai, India) 
and were of analytical grade. 

2.1. Isolation and treatment of human red blood cells 

Blood donors were healthy, non-smoking, 20− 30 year old persons; 
informed and written consent was taken from all donors. Venous blood 
was taken in heparinized tubes and RBC suspension (10 % hematocrit) 
was prepared as described previously [13]. 

The RBC (10 % hematocrit) were divided in four groups: untreated 
control, DHB alone, NaF alone and DHB + NaF. Untreated control and 
2.5 mM DHB alone treated RBC were incubated for 10 h and 0.5 mM NaF 
alone (9.5 ppm fluoride) for 8 h at 37 ◦C in a water bath with gentle 
shaking. In the DHB + NaF group, the RBC were first treated with 
different concentrations of DHB (0.1, 0.5, 1.0 and 2.5 mM) for 2 h, then 
0.5 mM NaF was added followed by incubation for 8 h at 37 ◦C. After 
these treatments, the cell suspensions were centrifuged for 10 min at 
210×g and supernatants used to determine percent hemolysis. The RBC 
in pellets were rinsed three times with phosphate buffered saline (PBS), 
pH 7.4, and lysed with 10 volumes of 5 mM sodium phosphate buffer, pH 
7.4. The lysed cells were centrifuged at 630×g for 12 min to pellet any 
cell debris and supernatants (hemolysates) were saved for further 
analysis. Hemoglobin (Hb) in hemolysates was quantified by the method 
of Drabkin and Austin [14] using a reagent kit from Coral Clinical Sys-
tem (Goa, India). 

2.2. Oxoferryl hemoglobin formation, heme degradation and free iron 
release 

Oxoferryl hemoglobin formation was measured by recording fluo-
rescence of 20x diluted (with PBS) hemolysates using 460 nm and 525 
nm as the excitation and emission wavelengths [15]. Heme degradation 
was determined from fluorescence of 50x diluted hemolysates using 
excitation wavelength of 325 nm and following emission at 480 nm 
[16]. The release of free iron (Fe2+) from heme proteins was measured 
using ferrozine, which forms a colored complex with ferrous ions that 
absorbs at 550 nm [17]. 

2.3. Hemoglobin oxidation and methemoglobin reductase activity 

Methemoglobin (MetHb) formation was measured from the absor-
bance of hemolysates at 540, 576 and 630 nm [18]. MetHb reductase 
was assayed using 2,6-dichlorophenolindophenol as the electron 
acceptor and reduced nicotinamide adenine dinucleotide (NADH) as 
reductant. The change in absorbance at 600 nm was followed and the 
activity calculated using molar extinction coefficient of 21 × 103 M− 1 

cm− 1 [19]. 

2.4. Reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

ROS generation was assayed by the dichlorodihydrofluorescein 
diacetate (DCFH-DA) method [20]. The 10 % cell suspension was 
incubated with l0 μM DCFH-DA for 60 min at 37 ◦C. The cell suspension 
was centrifuged, washed three times with PBS, suspended in PBS to 
again give 10 % hematocrit, and then treated with 0.5 mM NaF for 15 
min. In the DHB + NaF sample, the hematocrit was first treated with 
varying concentrations of DHB for 30 min followed by 0.5 mM NaF for 
15 min while DHB alone sample was treated with 2.5 mM DHB for 30 

min. The fluorescence of 50x diluted (with PBS) sample was noted at 530 
nm using 485 nm as the excitation wavelength. H2O2 levels were 
quantified spectrophotometrically in hemolysates using the FOX reagent 
with 0.1 M sorbitol added to enhance sensitivity [21]. 

The RNS determined were nitric oxide (NO) and peroxynitrite 
(ONOO− ). NO was measured in protein free hemolysates using Griess 
reagent [22]. Peroxynitrite was determined in hemolysates from its re-
action with folic acid which yields a highly fluorescent adduct [23]. 

2.5. Oxidative stress markers 

Reduced glutathione (GSH) was quantified using 5,5′-dithiobis-2- 
nitrobenzoic acid (DTNB) in protein free hemolysates. Sulfhydryl group 
of GSH reduces DTNB to yellow thionitrobenzoate anion (TNB) which 
absorbs at 412 nm [24]. Malondialdehyde (MDA), a marker of lipid 
peroxidation, was determined using thiobarbituric acid which reacts 
with MDA to form a pink adduct whose absorbance was read at 535 nm 
[25]. 

Carbonyl groups, marker of protein oxidation, were determined from 
their reaction with 2,4-dinitrophenylhydrazine to form hydrazone ad-
ducts [26]. To determine advanced oxidation protein products (AOPP), 
10 μL hemolysate was mixed with 0.8 mL of 0.2 M citric acid and 0.16 
mL of distilled water. After 15 min at room temperature, absorbance was 
read at 340 nm [27]. A calibration curve of chloramine-T was also 
prepared. Free amino groups were quantified from their reaction with 2, 
4,6-trinitrobenzenesulfonate [28]. Total sulfhydryl groups (T–SH) were 
quantified from their reaction with DTNB and absorbance recorded at 
412 nm [29]. 

2.6. Antioxidant enzymes and antioxidant power 

Specific activities of all AO enzymes were determined in hemoly-
sates. Catalase activity was followed from the dissociation of H2O2 to 
water and oxygen at 240 nm [30]. Superoxide dismutase (SOD) activity 
was monitored from the inhibition of autoxidation of pyrogallol [31]. 
The activity of glutathione peroxidase (GPx) was measured from the 
conversion of nicotinamide adenine dinucleotide phosphate reduced 
(NADPH) to its oxidized form (NADP+) in presence of oxidized gluta-
thione (GSSG) and glutathione reductase (GR) [32]. GR was assayed 
from the enzymatic cleavage of GSSG to GSH. The resulting increase in 
absorbance due to conversion of NADPH to NADP+ was noted at 340 nm 
[33]. Thioredoxin reductase (TR) activity was determined by following 
the increase in absorbance at 412 nm upon reduction of DTNB to yellow 
TNB in presence of NADPH [34]. 

The antioxidant power of hemolysates was determined by cupric 
reducing antioxidant capacity (CUPRAC), ferric reducing antioxidant 
power (FRAP) and phosphomolybdenum green (PMG) methods. These 
assays involve the reduction of Cu2+, Fe3+, Mo6+ to their lower oxida-
tion states by sample AOs. CUPRAC is based on the formation of highly 
colored copper(I)-neocuproine chelate that absorbs at 450 nm [35]. 
FRAP was determined by the method of Benzie and Strain [36] using 2, 
4,6-tris(2-pyridyl)-s-triazine,. PMG assay involves the reduction of Mo6+

to Mo5+ by AOs in the sample [37]. DPPH and ABTS assays are based on 
the quenching of colored DPP• and ABTS•+ free radicals to their 
non-radical form by taking electrons from sample AOs. The light yellow 
DPPH formed was followed from decrease in absorbance of solution at 
517 nm [38]. The decolorization of ABTS•+ to ABTS was followed at 734 
nm and expressed in μmoles Trolox equivalents per mg Hb [39]. 

2.7. Membrane bound enzymes 

Plasma membrane redox system (PMRS) was determined by sus-
pending packed RBC in PBS that contained 5 mM glucose and 1 mM 
potassium ferricyanide and incubating them for 30 min at 37 ◦C. PMRS 
activity converts the extracellular ferricyanide to ferrocyanide [40]; the 
ferrocyanide concentration was determined using 1,10-phenanthroline 
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[41]. Ascorbate free radical (AFR) reductase was assayed from the for-
mation of AFR upon incubation with ascorbate and ascorbate oxidase 
[42]. 

Total ATPase and Na+K+-ATPase were measured from the inorganic 
phosphate liberated upon ATP hydrolysis in absence and presence of 1 
mM ouabain. The inorganic phosphate reacts with Taussky-Shorr re-
agent [50 g ferrous sulfate and 100 mL ammonium molybdate (10 % in 
10 M sulfuric acid] to give blue complex which absorbs at 660 nm [43]. 
Acetylcholinesterase (AChE) was assayed in hemolysates using S-thio-
choline iodide and DTNB as substrates [44]. 

2.8. Metabolic enzymes 

Hexokinase (HK) activity was measured from the lowering of free 
glucose levels when the enzyme was present [45]. Pyruvate kinase (PK) 
was assayed by the method of Bergmeyer [46]. Lactate dehydrogenase 
(LDH) activity was followed from the oxidation of NADH to NAD+, in the 
presence of sodium pyruvate, at 340 nm [47]. Glucose 6-phosphate 
dehydrogenase (G6PD) was determined by monitoring the reduction 
of NADP+ to NADPH at 340 nm, in presence of glucose 6-phosphate 
[48]. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) activity 
was determined by a coupled enzymatic assay. The change in absor-
bance due to oxidation of NADH to NAD+ was recorded at 340 nm [49]. 

2.9. Statistical analysis 

All experiments were done on six blood samples obtained from six 
different donors. To calculate statistical significance one way ANOVA 
was employed using the program Origin Pro 8.0 (USA). Results are given 
as the mean ± standard error. Results were measured by the Bonferroni 
and Tukey post-hoc test and were considered significant when proba-
bility value (P) was < 0.05. 

3. Results 

The mitigating effect of DHB on NaF-induced oxidative damage in 
isolated RBC was studied. RBC were incubated with NaF in absence and 
presence of DHB; control (untreated) and DHB alone treated cells were 
also used. RBC were then freed of excess reagents, lysed with hypotonic 
buffer and hemolysates were prepared. These cell lysates, and also 
whole cells, were assayed for various parameters. 

3.1. Oxoferryl hemoglobin formation, heme degradation and free iron 
release 

Incubation of RBC with 0.5 mM NaF alone caused 2 % hemolysis 
which, though low, was 2.16 fold higher when compared to the control 
value. However, prior treatment with increasing concentrations of DHB 
protected RBC from NaF-induced cytotoxic damage (Fig. 1A). Oxoferryl 
Hb content was increased to 4.7 fold in NaF alone treated RBC (Fig. 1B). 
A 3.3 fold increase in heme degradation (Fig. 1C) and 2.2 fold enhanced 
free iron level (Fig.1D) was seen in NaF alone treated RBC. The presence 
of DHB prevented this damage and at 2.5 mM DHB the changes were 
insignificantly different from control values. 

3.2. Hemoglobin oxidation and methemoglobin reductase activity 

Incubation of RBC with NaF alone significantly enhanced MetHb 
content by 1.6 fold compared to the control value. However, in presence 
of DHB the MetHb level was restored and in 2.5 mM DHB + 0.5 mM NaF 
group it was almost the same as in control RBC (Fig. 2). Surprisingly, the 
MetHb level in the DHB alone sample was even lower than the control 
value (53 % of control). NaF treatment inhibited the MetHb reductase 
activity to 58 %, but in presence of DHB it was completely restored to the 
control value (Fig. 2). 

3.3. Reactive oxygen species and reactive nitrogen species 

In the DCFH-DA assay, the fluorescence intensity in NaF alone 
samples was significantly increased and was 50 % above control. This 
shows increased ROS generation in NaF treated RBC. The level of H2O2, 
a non-radical ROS, was also higher in NaF alone treated RBC being 1.7 
fold the control value (Table 1). Peroxynitrite (ONOO− ) formation was 
enhanced and was 1.9 fold in NaF alone treated cells, compared to 
control (Fig. 3). The NO level was also increased in NaF alone treated 
RBC and was 1.7 times the control value. In presence of DHB all these 
changes were mitigated in a DHB-concentration dependent manner. 

3.4. Oxidative stress markers 

A significant reduction of 54 % in GSH content was seen upon 
treatment of RBC with 0.5 mM NaF. Free SH groups and amino groups 

Fig. 1. Protective effect of DHB on NaF-induced (A) hemolysis of RBC (B) 
formation of oxoferryl hemoglobin (C) heme degradation and (D) release of free 
iron from hemoglobin. 
Oxoferryl hemoglobin and heme degradation are reported in fluorescence 
arbitrary unit (AU) and free iron release is in nmoles/mg Hb. 
Results are mean ± standard error of six different samples by one way ANOVA. 
*Significantly different from control and # significantly different from NaF 
alone sample at P < 0.05 
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were lowered by 55 % in NaF alone treated RBC. This decrease was 
attenuated by DHB in a concentrated-dependent fashion (Table 1). 
Protein oxidation increases in an environment of oxidative stress. 
Treatment of RBC with 0.5 mM NaF dramatically enhanced protein 
oxidation to 4 fold of control cells. This was significantly reduced to 1.7 
fold when DHB was also present in the samples (Table 1). 

Incubation of RBC with 0.5 mM NaF enhanced AOPP level by 90 % 
while lipid peroxidation was increased to 1.84 fold of control value 
(Table 1) However, addition of DHB, diminished AOPP levels and lipid 
peroxidation in a concentration-dependent manner. In all the above 
parameters, maximum protection was seen in presence of 2.5 mM DHB 

(Table 1). 

3.5. Antioxidant enzymes and antioxidant power 

Incubation of RBC with NaF only led to inhibition of the major AO 
enzymes catalase and SOD, and their activities were only 57 % and 15 % 
of control cells, respectively. Similarly, GPx, GR and TR were also 
inhibited by more than 50 %. All enzyme activities, except SOD, were 
almost completely restored and were insignificantly different from 
control values in presence of 2.5 mM DHB (Table 2). 

The AO power assays (CUPRAC, PMG, FRAP and K3FeCN6 reduction) 

Fig. 2. Ameliorating effect of DHB on NaF-induced methe-
moglobin formation and methemoglobin reductase activity. 
Methemoglobin level is in μmoles/l and methemoglobin 
reductase activity in nmoles/mg Hb/min. Both were deter-
mined in hemolysates. 
Results are mean ± standard error of six different samples by 
one way ANOVA. 
*Significantly different from control and # significantly 
different from NaF alone sample at P < 0.05   

Table 1 
Effect of DHB on sodium fluoride-induced oxidation of proteins and lipids.   

GSH Total-SH PC Amino groups AOPP MDA NO H2O2 

Control 6.03 ± 0.68 0.65 ± 0.074 42.25 ± 4.36 228.5 ± 28.4 182.5 ± 21.2 3.04 ± 0.287 18.64 ± 1.08 11.86 ± 1.45 
DHB 2.5 6.74 ± 0.71 0.69 ± 0.076 33.60 ± 3.51* 273.5 ± 27.6 136.5 ± 13.8* 2.07 ± 0.254* 18.08 ± 1.96 10.56 ± 1.12 
NaF 2.83 ± 0.31* 0.30 ± 0.033* 172.5 ± 15.7* 104.1 ± 10.7* 350.5 ± 41.1* 5.58 ± 0.593* 35.33 ± 4.12* 20.05 ± 2.67 
DHB 0.1+ NaF 3.23 ± 0.33* 0.33 ± 0.037* 160.1 ± 18.6*# 121.5 ± 12.6*# 309.5 ± 31.2*# 4.87 ± 0.536* 33.95 ± 3.61 16.97 ± 1.83* 
DHB 0.5+ NaF 3.93 ± 0.44*# 0.39 ± 0.051*# 134.5 ± 12.5*# 139.2 ± 15.6*# 295.5 ± 27.0*# 4.19 ± 0.442*# 32.15 ± 2.96* 15.13 ± 1.74*# 

DHB 1.0+ NaF 4.66 ± 0.52*# 0.48 ± 0.055*# 103.5 ± 10.8*# 159.5 ± 13.7*# 266.1 ± 23.3*# 3.72 ± 0.315*# 29.19 ± 2.72*# 14.07 ± 1.64*# 

DHB 2.5+ NaF 5.62 ± 0.63# 0.58 ± 0.063# 71.01 ± 8.32*# 201.2 ± 20.6*# 216.1 ± 20.6*# 3.28 ± 0.340# 25.83 ± 2.69*# 12.64 ± 1.35# 

All parameters were determined in hemolysates. DHB concentration is in millimoles/l while NaF concentration is 0.5 mM in all groups. GSH, PC, amino groups, AOPP, 
MDA, NO and H2O2 are reported in nmoles/mg Hb while total-SH in μmoles/mgHb. 
Results are mean ± standard error of six different samples by one way ANOVA. 
*Significantly different from control and # significantly different from NaF alone sample at P < 0.05. 
DHB, 3,4-dihydroxybenzaldehyde; NaF, sodium fluoride; GSH, reduced glutathione; -SH, sulfhydryl groups; PC, protein carbonyls; AOPP, advanced oxidation protein 
products; MDA, malondialdehyde; NO, nitric oxide. 

Fig. 3. Effect of DHB on NaF-induced ROS and RNS generation in human RBC. Both DCF and peroxynitrite are reported in fluorescence arbitrary unit (AU). 
Results are mean ± standard error of six different samples by one way ANOVA. 
*Significantly different from control and # significantly different from NaF alone sample at P < 0.05 
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showed that treatment of RBC with NaF reduced the metal (Cu2+, Mo6+

and Fe3+) reducing ability which were 30 %, 50.6 %, 43 % and 53 % of 
control values. The DPP• and ABTS•þ free radical quenching ability was 
also lowered to 69 % and 51 % in NaF alone treated RBC while in control 
it was 83 % (Table 3). However, prior treatment with DHB restored AO 
potential of RBC in a concentration-dependent manner. 

3.6. Membrane bound enzymes 

Total and Na+K+-ATPase activities were decreased to 46 % and 44 % 

respectively, in NaF alone treated cells, when compared to untreated 
control. Incubation of RBC with NaF alone decreased the AChE activity 
to 41 % of control cells (Table 4). However, this decrease in enzyme 
activities was mitigated by prior incubation of RBC with varying con-
centrations of DHB (Table 4). 

Incubation of RBC with NaF lowered the PMRS to 65 %, while in 
presence of DHB it was restored to 92 % in a concentration-dependent 
manner. RBC incubated with 0.05 mM NaF alone have tremendously 
lowered AFR-reductase activity while presence of DHB enhanced its 
activity from 20 % to 84 %, when compared to untreated control cells 
(Table 4). 

3.7. Metabolic enzymes 

The activity of HK, the first enzyme of glycolysis, was inhibited to 34 
% upon treatment of RBC with NaF. PK catalyzes the last reaction of 
glycolysis and it was inhibited by NaF to 41 % of control value (Table 5). 
G6PD and GAPDH activities declined to 46 % and 50 % of control value, 
respectively. There was a three-fold increase in LDH activity. All alter-
ations in enzyme ativities were normalized in presence of DHB (Table 5). 

4. Discussion 

Endemic fluorosis has become a major health risk in several parts of 
the world, including India. Toxicants like fluoride that enter the body 
via any route primarily target RBC and blood. It has been shown in 
earlier reports that NaF oxidatively damages human RBC [13,50]. Since 
cytotoxicity of fluoride in living systems is associated with the genera-
tion of free radicals and ROS, the protective effect of DHB, a plant AO, on 
NaF-induced damage in human RBC was examined in this study. 

Hemoglobin represents a major and important target of toxicants and 
ROS in these cells. The ferrous iron of Hb undergoes slow but sponta-
neous oxidation to ferric ion yielding MetHb which is inactive as oxygen 
transporter. MetHb formation is accompanied by generation of super-
oxide radicals and is a marker of oxidative stress in RBC [51,52]. The 
MetHb level was increased upon NaF treatment, probably due to 
ROS-induced oxidation of ferrous ion of Hb to ferric form. This will 

Table 2 
Effect of DHB on sodium fluoride-induced alterations in the activity of antioxi-
dant enzymes.   

CAT SOD GPx GR TR 

Control 7.08 ±
0.812 

1.95 ±
0.206 

55.71 ±
5.31 

51.62 ±
6.63 

74.70 ±
8.78 

DHB 
2.5 

7.10 ±
0.725 

1.99 ±
0.187 

57.96 ±
6.10 

49.04 ±
4.36 

80.96 ±
8.67 

NaF 4.04 ±
0.516* 

0.346 ±
0.038* 

17.99 ±
1.67* 

19.74 ±
2.18* 

22.74 ±
2.24* 

DHB 
0.1+
NaF 

4.54 ±
0.481* 

0.399 ±
0.042* 

24.78 ±
2.46*# 

29.22 ±
3.22*# 

38.75 ±
4.18*# 

DHB 
0.5+
NaF 

5.05 ±
0.612*# 

0.482 ±
0.051*# 

28.04 ±
2.62*# 

33.70 ±
4.02*# 

50.53 ±
5.61*# 

DHB 
1.0+
NaF 

5.72 ±
0.527*# 

0.854 ±
0.076*# 

38.83 ±
4.32*# 

38.46 ±
3.86*# 

55.40 ±
6.07*# 

DHB 
2.5+
NaF 

6.31 ±
0.634# 

1.255 ±
0.134 *# 

51.22 ±
4.85*# 

47.22 ±
3.97*# 

66.39 ±
6.77*# 

All enzymes were assayed in hemolysates. DHB concentration is in millimoles/l 
while NaF concentration is 0.5 mM in all groups. Catalase activity is in μmoles/ 
min/mg Hb and SOD in U/mg Hb while GPx GR and TR are in nmoles/min/mg 
Hb. 
Results are mean ± standard error of six different samples by one way ANOVA. 
*Significantly different from control and # significantly different from NaF 
alone sample at P < 0.05. 
DHB, 3,4-dihydroxybenzaldehyde; NaF, sodium fluoride; CAT, catalase; SOD, 
superoxide dismutase; GPx, glutathione peroxidase; GR, glutathione reductase; 
TR, thioredoxin reductase. 

Table 3 
Effect of DHB on sodium fluoride induced changes in antioxidant power of RBC.   

FRAP PMG CUPRAC DPPH ABTS 

Control 86.65 ±
9.21 

486.07 ±
52.12 

5.11 ±
0.614 

81.5 ±
9.21 

69.86 ±
8.56 

DHB 2.5 93.25 ±
10.11* 

502.66 ±
51.83* 

5.04 ±
0.522* 

85.0 ±
10.02 

75.28 ±
8.07 

NaF 37.60 ±
4.05* 

246.18 ±
26.18* 

1.02 ±
0.126* 

56.25 ±
5.88* 

35.87 ±
4.14* 

DHB 0.1+
NaF 

43.45 ±
4.86*# 

256.99 ±
27.21* 

1.39 ±
0.151* 

58.25 ±
6.07 

59.40 ±
6.28*# 

DHB 0.5+
NaF 

52.35 ±
5.65*# 

281.44 ±
29.0*# 

1.92 ±
0.204*# 

61.5 ±
6.23* 

45.65 ±
5.53*# 

DHB 1.0+
NaF 

65.05 ±
6.07*# 

352.58 ±
33.33*# 

2.72 ±
0.302*# 

68.25 ±
7.11*# 

51.22 ±
6.92*# 

DHB 2.5+
NaF 

80.10 ±
8.48*# 

404.82 ±
42.65*# 

4.34 ±
0.458# 

75.25 ±
8.06*# 

56.86 ±
6.57*# 

All parameters were assayed in hemolysates. DHB concentration is in milli-
moles/l while NaF concentration is 0.5 mM in all groups. FRAP and PMG are in 
nmoles/mg Hb and CUPRAC in μmoles/mg Hb. DPPH is reported in % 
quenching of DPP• radical and ABTS•+ in μmoles Trolox equivalent/mg Hb. 
Results are mean ± standard error of six different samples by one way ANOVA. 
*Significantly different from control and # significantly different from NaF 
alone sample at P < 0.05. 
FRAP, ferric reducing antioxidant power; PMG, phosphomolybdenum green; 
CUPRAC, cupric reducing antioxidant capacity; DPPH, 2,2-diphenyl-1-picrylhy-
drazyl; ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid. 

Table 4 
Effect of DHB on sodium fluoride-induced alterations in activity of membrane 
bound enzymes.   

Na+K+ATPase Total 
ATPase 

AFRR PMRS AChE 

Control 189.0 ± 7.02 329.39 ±
41.23 

0.963 ±
0.104 

1.65 ±
0.174 

78.29 ±
9.21 

DHB 2.5 265.5 ± 7.12* 345.43 ±
37.20 

1.053 ±
0.112 

1.93 ±
0.212 

32.36 ±
4.27* 

NaF 65.0 ± 2.95* 152.72 ±
16.36* 

0.196 ±
0.017* 

1.08 ±
0.097* 

80.56 ±
9.44 

DHB 0.1 
+ NaF 

82.5 ± 3.91*# 161.56 ±
15.94* 

0.261 ±
0.029* 

1.16 ±
0.101* 

39.79 ±
4.61*# 

DHB 0.5 
+ NaF 

105.0 ±
5.21*# 

179.69 ±
18.22*# 

0.364 ±
0.046*# 

1.23 ±
0.146* 

49.06 ±
5.76*# 

DHB 1.0 
+ NaF 

135.1 ±
6.11*# 

213.72 ±
21.06*# 

0.587 ±
0.057*# 

1.34 ±
0.157*# 

59.31 ±
6.84*# 

DHB 2.5 
+ NaF 

173.0 ±
6.55*# 

288.65 ±
27.63*# 

0.815 ±
0.102*# 

1.53 ±
0.162*# 

68.28 ±
7.34*# 

All parameters were determined in hemolysates. DHB concentration is in mil-
limoles/l while NaF concentration is 0.5 mM in all groups. Na+ K+-ATPase and 
total ATPase are in nmoles Pi/h /mg Hb. The PMRS values are in μmoles 
ferrocyanide/30 min/mL pRBC while AFR reductase (AFRR) activity is in 
μmoles NADH oxidized/min/mL pRBC. AChE is reported in nmoles/min/mg Hb. 
Results are mean ± standard error of six different samples by one way ANOVA. 
*Significantly different from control and # significantly different from NaF 
alone sample at P < 0.05. 
DHB, 3,4-dihydroxybenzaldehyde; NaF, sodium fluoride; pRBC, packed red 
blood cells; PMRS, plasma membrane redox system; AFR, ascorbate free radical; 
AChE, acetylcholinesterase. 

R. Anjum et al.                                                                                                                                                                                                                                  



Journal of Trace Elements in Medicine and Biology 69 (2022) 126888

6

reduce the oxygen carrying capacity of RBC. DHB normalized the MetHb 
formation in a concentration-dependent manner in RBC. Cells normally 
have low MetHb levels due to presence of MetHb reductase, an enzyme 
which converts MetHb to Hb using mainly NADH as the reductant. 
MetHb reductase activity was decreased which must have been 
responsible for elevated MetHb levels seen in NaF alone treated samples. 
Pre-treatment with DHB restored the MetHb reductase activity which 
will maintain low MetHb level in RBC. 

H2O2 initiates a pseudo-peroxidase reaction with Fe2+-Hb to form 
oxoferryl Hb. This ferryl species autoreduces to ferric ion and in pres-
ence of excessive H2O2, the ferryl iron (Fe4+) is regenerated [53]. H2O2 
also reacts with Hb to initiate a cascade resulting in heme degradation. 
This can increase membrane damage and shorten red cell life span. 
Simultaneous treatment with increasing concentrations of DHB pro-
tected hemeproteins from NaF-induced damage. Heme degradation also 
results in leaching of iron from the porphyrin ring of heme that accu-
mulates in membranes and appears to be responsible for membrane 
damage [16]. Treatment of RBC with DHB, prior to incubation with NaF, 
lowered both heme degradation and free iron release. As also seen with 
MetHb, the DHB alone samples had significantly lower heme degrada-
tion products and free iron level than the control cells. 

ROS generation was monitored using DCFH-DA which enters the cell 
and is hydrolysed by intracellular esterases to DCFH and diacetate. 
DCFH is then oxidized by intracellular ROS to the highly fluorescent 
DCF; enhanced fluorescence, therefore, indicates higher formation of 
ROS. Superoxide radical, generated during MetHb formation, is easily 
converted to H2O2 whose level was increased in NaF-treated RBC. The 
H2O2 can react with the redox active free iron released on heme 
degradation to give the extremely reactive and damaging hydroxyl 
radical. The enhanced generation of ROS and H2O2 in presence of NaF 
alone was greatly reduced in DHB + NaF samples and was insignifi-
cantly different from control values. One reason could be that DHB 
enhanced the activity of SOD, which scavenges superoxide radicals 
which will also lower MetHb formation. Two RNS, peroxynitrite and 
NO, were also determined and were increased in NaF treated cells. 
Excessive NO reacts spontaneously with superoxide radical to produce 

peroxynitrite [54] whose level was also increased. Both NO and perox-
ynitrite levels showed dramatic reduction and were insignificantly 
different from control when DHB was also present along with NaF. DHB 
exerts its protective effect through various modes either by direct 
scavenging of ROS or the involvement of vicinal hydroxyl groups in its 
AO activity like several polyphenolics as catechin, quercetin, etc [55]. 
These results show that DHB eliminates NaF-induced ROS and RNS 
generation in RBC which will lower cellular damage. 

Several enzymatic and non-enzymatic markers of oxidative stress 
were analyzed. GSH is a major non-enzymatic AO that maintains the 
reducing environment of cells by protecting them against ROS and free 
radicals. NaF-induced ROS effectively modified thiol (-SH) groups 
consequently depleting total SH content and also GSH [8]. Pre-treatment 
of RBC with DHB restores the thiol status of cells. Induction of oxidative 
stress leads to an increase in oxidation of proteins and unsaturated 
lipids. Malondialdehyde production was significantly increased upon 
treatment of RBC with 0.5 mM NaF alone [8]. ROS oxidize side chains 
amino groups of lysine and arginine residues to carbonyl groups and also 
generate various advanced oxidation protein products (AOPP) including 
dityrosine and cross-linked proteins. The generation of AOPP increases 
under oxidative stress conditions [56]. Thus NaF-induced ROS resulted 
in oxidative modification of cellular thiols, proteins and lipids. In the 
DHB + NaF samples, these oxidative modifications were greatly 
decreased, in a DHB concentration- dependent manner. These findings 
strongly suggest that the production of ROS, induction of oxidative 
stress and consequent oxidative modification of cellular components 
was increased by NaF, but was significantly overcome in presence of 
DHB. 

Treatment of RBC with NaF inhibited major AO enzymes but this was 
attenuated in presence of DHB. The AO power of cells was determined 
next using several assays. These are based on metal reduction and free 
radical quenching by AOs in sample. NaF lowered AO power of RBC 
which must be due to inhibition of AO enzymes and lower GSH content 
[8]. However, pre-incubation of RBC with DHB restored the AO power in 
a DHB concentration-dependent manner. In DHB alone treated RBC the 
reduction of metal ions was more than that of control cells (Table 3). 
This is because DHB being an AO can donate electron(s) and thus in-
crease the metal reducing power of cells. The DHB induced restoration in 
AO power must be due to improvement in the activities of endogenous 
AO enzymes and also to higher levels of GSH. 

NaF damages the RBC, increases membrane fragility resulting in cell 
lysis, and consequent release of Hb in the solution. Hemolysis of RBC by 
NaF suggested plasma membrane damage. This was supported by lower 
activity of bound enzymes, total and Na+K+-ATPase [57]. Similarly, the 
activity of acetylcholinesterase, another membrane bound enzyme, was 
lowered by NaF but the inhibition was overcome in presence of DHB. 
PMRS is found in all cell types and maintains redox signaling by 
generating more NAD+ for ATP production by glycolysis. PMRS transfers 
electrons from intracellular reducing equivalents to extracellular ac-
ceptors across the plasma membrane. PMRS was lowered by NaF which 
will disrupt membrane homeostasis, increase ROS generation and lead 
to cell death. Prior treatment with DHB up-regulates the PMRS activity, 
probably by recycling oxidized AOs to their reduced active form thus 
increasing the trans-membrane electron transport. AFR reductase re-
cycles AFR to ascorbate by its oxidoreductase activity [42]. NaF-induced 
inhibition of AFR reductase was restored by DHB. These enzymatic and 
hemolysis results strongly suggest that DHB mitigates NaF-induced 
membrane damage in RBC. 

The activities of key enzymes of glucose metabolic pathways were 
determined. Inhibition of HK and PK will deprive the cells of energy by 
suppressing glycolysis. In PK deficient cells, the Ca2+ concentration in-
creases due to loss of K+ and water which renders the membrane more 
rigid and affects normal function, leading to hemolytic anemia [58]. 
GAPDH inhibition can be due to ROS mediated oxidation of sulfhydryl in 
its active site. This will slow down or inhibit glycolysis and deprive the 
RBC of ATP that may lead to cell death. Lower ATP production in cells 

Table 5 
Effect of DHB on sodium fluoride-induced changes in the activity of some en-
zymes of glucose metabolism.   

HK LDH G6PD PK GAPDH 

Control 193.40 ±
20.49 

1.437 ±
0.192 

124.93 ±
12.91 

36.97 ±
4.33 

12.94 ±
1.47 

DHB 2.5 204.09 ±
22.94 

1.258 ±
0.156 

121.40 ±
12.02 

35.35 ±
4.07 

12.09 ±
1.32 

NaF 67.242 ±
6.41* 

4.346 ±
0.514* 

58.025 ±
5.81* 

15.26 ±
1.97* 

6.45 ±
7.44* 

DHB 
0.1+
NaF 

76.323 ±
7.19*# 

3.345 ±
0.381*# 

62.285 ±
7.12* 

16.88 ±
1.88* 

6.82 ±
7.17* 

DHB 
0.5+
NaF 

87.323 ±
9.12*# 

2.676 ±
0.305*# 

67.255 ±
8.04*# 

20.19 ±
2.25*# 

7.57 ±
8.16* 

DHB 
1.0+
NaF 

122.28 ±
14.22*# 

1.927 ±
0.217*# 

97.701 ±
10.11*# 

25.12 ±
2.86*# 

8.46 ±
9.05*# 

DHB 
2.5+
NaF 

165.85 ±
13.23*# 

1.640 ±
0.186*# 

109.16 ±
12.32*# 

32.54 ±
3.64*# 

10.72 ±
11.47*# 

Enzymes were assayed in hemolysates. DHB concentration is in millimoles/l 
while NaF concentration is 0.5 mM in all groups. HK, G6PD, PK and GAPDH 
activities are in nmoles/min/mg Hb while LDH in μmoles/min/mg Hb. 
Results are mean ± standard error of six different samples by one way ANOVA. 
*Significantly different from control and # significantly different from NaF 
alone sample at P < 0.05. 
DHB, 3,4-dihydroxybenzaldehyde; NaF, sodium fluoride; HK, hexokinase; LDH, 
lactate dehydrogenase; G6PD, glucose 6-phosphate dehydrogenase; PK, pyru-
vate kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. 
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also affects several metabolic and transport processes. ATP depleted RBC 
are also more prone to oxidative damage [59]. A 3 fold increase in ac-
tivity of lactate dehydrogenase, an enzyme of anaerobic glycolysis was 
seen. This could be an adaptive response to allow regeneration of NAD+, 
needed for glycolysis to continue, or release of the enzyme form the 
inner side of plasma membrane due to membrane damage. The activity 
of cytosolic G6PD, the first enzyme of HMP shunt, was decreased. In-
hibition of G6PD will lower the production of NADPH, a major cellular 
reductant utilized by some AO enzymes (GR and TR) to combat ROS. In 
presence of DHB all these enzyme activities were restored to control 
values which will increase cellular ATP and NADPH levels. 

Since NaF enhanced the generation of ROS and RNS which was 
decreased by DHB, the protective effect of DHB must have involved its 
AO property. There are several ways by which DHB could have allevi-
ated NaF-induced oxidative damage. First, it can directly react with and 
quench free radicals and ROS, thereby sparing the cell components from 
oxidative modification. Second, it can chelate free iron and prevent it 
from reacting with H2O2, eliminating production of hydroxyl radical. 
Third, it can act indirectly by increasing the activities of AO enzymes 
and level of GSH, the major non-enzymatic AO in RBC. However, the 
exact biochemical mode by which DHB protects RBC from fluoride 
cytotoxicity needs to be investigated further. 

A schematic representation of the results of this study is given in 
Fig. 4. 

5. Conclusions 

NaF increases the production of ROS and RNS in RBC which target 
various cell components resulting in oxidative damage. DHB signifi-
cantly and dose dependently mitigates these NaF-induced oxidative 
modifications. Since NaF enhanced ROS and RNS, the protective effect 
of DHB must be due to its AO character. These results show that DHB can 
be possibly used as a chemoprotectant against fluoride induced toxicity. 
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Fig. 4. Schematic depiction of DHB-mediated attenuation of 
NaF-induced toxicity in human RBC. NaF enters the cells where 
it enhanced the generation of free radicals, ROS and RNS. 
These oxidative species compromise the enzymatic and non- 
enzymatic AO defenses of RBC thereby lowering their AO 
power. This impairs the ROS/RNS quenching ability of the RBC 
resulting in oxidative modification of cellular components. 
Since damaged RBC are quickly removed from circulation it 
will lower their lifespan (red cell senescence). DHB, a plant 
polyphenolic AO, can mitigate NaF-induced toxicity at several 
levels. It can lower the intracellular production of ROS and 
RNS or can directly quench the reactive species. DHB treatment 
reduces oxidative damage in RBC and can, therefore, enhance 
their lifespan. 
AO, antioxidant; AFRR, ascorbate free radical reductase; DHB, 
3,4-dihydroxybenzaldehyde; NaF, sodium fluoride; PMRS, 
plasma membrane redox system ROS, reactive oxygen species; 
RNS, reactive nitrogen species. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to 
the web version of this article).   
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