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Do Indian Food Regulatory Policies and Antioxidant Therapy
Both Need Revisitation?
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ABSTRACT

Consumption of adulterated mustard oil (Brassica nigra) with argemone oil (Argemone mexicana) even for a
short duration leads to a clinical condition referred as epidemic dropsy. In humans, argemone oil contained in
adulterated mustard oil causes oxidative stress and death of red blood cells via met-hemoglobin formation by
altering pyridine nucleotide(s) and glutathione redox potential. Argemone oil contamination poses a serious
threat to human health and should be checked by appropriate regulatory measures. Antioxidant therapy pro-
vides symptomatic relief and should be seriously considered for therapeutic interventions against argemone

oil toxicity. Antioxid. Redox Signal. 9, 515-525.

CONSUMPTION OF ADULTERATED
EDIBLE MUSTARD OIL WITH
ARGEMONE OIL CAUSES EPIDEMIC
DROPSY IN HUMANS

mone oil even for a short duration leads to a clinical
condition referred as epidemic dropsy (8). The main symp-
toms of dropsy include nausea, vomiting, diarrhea, anorexia,
dyspnea, palpitation, hyperpigmentation of body parts, burn-
ing sensation of eyes, bilateral pitting edema of lower limbs,
erythema, breathlessness, tachycardia, hepatomegaly, crepita-
tions in the lungs, and gallop rhythm (7). In severe cases,
glaucoma and even death due to cardiac and respiratory fail-
ure have been reported (7, 8).

CONSUMPT[ON OF ADULTERATED MUSTARD OIL with arge-

PREVALENCE OF EPIDEMIC DROPSY

A number of epidemic dropsy outbreaks have been re-
ported in different countries, including Burma (6), Fiji Island
(12), Nepal (21), and South Africa (43). From time to time a

number of sporadic cases have been reported in different
states of India, including Andhra Pradesh (24), Bihar (27),
Delhi (41), Maharashtra (47), Madhya Pradesh (37), Ra-
jasthan (14), Uttar Pradesh (11), and West Bengal (35). But
the epidemic at New Delhi, India, in 1998 was the largest so
far, affecting >3,000 people while >60 lost their lives (11).

ARGEMONE OIL/SANGUINARINE CAUSES
GENOTOXICITY AND CARCINOGENICITY

Sanguinarine and dihydrosanguinarine, the interconvert-
ible alkaloids, are the toxic etiological agents of argemone oil
(38). Sanguinarine has been used in toothpastes and oral rinse
products in Europe and the United States (18, 25). However,
use of sanguinarine for human clinical applications is contro-
versial, as long-term use of sanguinarine in toothpastes has
been linked with the development of a premalignant condi-
tion, oral leukoplakia (17). The electrophilic nature of
iminium group in sanguinarine is responsible for binding to
DNA by interaction with GC rich regions (29, 44). Our recent
studies suggest that argemone oil and isolated sanguinarine
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alkaloid cause DNA damage in liver, bone marrow, and blood
cells in mice (1, 2). Further, studies have shown that arge-
mone oil and sanguinarine alkaloid have carcinogenic poten-
tial in a two-stage mouse skin tumor protocol and has been
implicated to cause DNA damage in the blood of dropsy pa-
tients (10).

ARGEMONE OIL/SANGUINARINE
CAUSES OXIDATIVE STRESS

Normal cells contain a specific antioxidant system to pro-
tect against oxidative damage caused by reactive oxygen
species (ROS). If the antioxidant system may not be able to
scavenge the production of ROS, a shift is formed between
the pro- and antioxidant balance, normally referred to as ox-
idative stress (40). Sanguinarine has been shown to possess
pro-oxidant properties in vitro towards the production of sin-
glet oxygen and hydrogen peroxide (28, 46). Recent studies
have shown decreased levels of antioxidants, including glu-
tathione (GSH), a-tocopherol, and total antioxidant capacity
(TAC), which in turn may cause oxidative damage of lipids,
proteins, and DNA in dropsy patients (10, 11).

Glutathione system (GSH, GSSG), pyridine nucleotides
(NAD, NADP, NADH, NADPH), and thiol groups are in-
volved in a variety of free radical scavenging reactions, and
their redox potential plays an important role in protecting he-
moglobin and erythrocyte membranes (23). Hence, there is a
need to investigate GSH and pyridine nucleotide redox poten-
tials in the red blood cells (RBC) of dropsy patients of an out-
break at Lucknow and Patna cities of India.

STATUS OF EPIDEMIC DROPSY PATIENTS
OF THE PRESENT OUTBREAK

The dropsy patients in Lucknow and Patna had pedal
edema, erythema, breathlessness, pain in lower limbs, diar-
rhea, fever along with enhanced jugular venous pressure, and
hepatomegaly. The patients in Lucknow were diagnosed early
for epidemic dropsy, while diagnosis of Patna patients was
confirmed only after 2 months of development of the symp-
toms, after being admitted to King George’s Medical Univer-
sity (KGMU), Lucknow. The mustard oil consumed by these
patients was found to be contaminated with argemone oil.

RED BLOOD CELLS ARE HIGHLY
VULNERABLE IN EPIDEMIC
DROPSY SYNDROME

Erythrocytes are highly vulnerable to free radical-induced
lipid peroxidation (LPO) reactions due to their rich content of
polyunsaturated fatty acids (PUFAs) and continuous exposure
to high concentrations of molecular oxygen (5). A significant
(p < 0.05) decrease in RBC count (27%) and Hb content
(33%) was found in Lucknow dropsy patients (Fig. 1). The
decrease in RBC count (66%) and Hb content (61%) was rel-
atively more in Patna patients with respect to Lucknow pa-
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tients when compared to controls (Fig. 2). Formation of lipid
peroxides in plasma and RBC of Lucknow dropsy patients
was found to be significantly elevated (82%-119%) when
compared to controls. These levels were enhanced signifi-
cantly (p <0.05) in Patna patients (250-261%) and the values
were even significantly higher than Lucknow patients (Fig.
2). The decrease in RBC count, hemoglobin content, and in-
crease in plasma and RBC LPO in the present study may be
attributed to the production of ROS by argemone oil and/or
sanguinarine (11, 28, 46).

ARE REDOX PAIRS SUCH AS PYRIDINE
NUCLEOTIDES(S), GLUTATHIONE, AND
THIOL GROUPS TARGET FOR ARGEMONE
OIL POISONING IN HUMANS?

Erythrocytes have a variety of redox systems including
GSH, GSSG, NAD, NADH and NADP, and NADPH to pro-
vide electrons in ROS detoxification reactions (23). The in-
tracellular GSH redox system, with a high GSH level and far
lower concentration of oxidized GSSG, is predominantly re-
sponsible for the protection of both Hb and RBC membranes
against oxidation and hemolysis (31). A significant (p < 0.05)
decrease in GSH content (42%) with concomitant enhance-
ment of GSSG content (107%) was observed in RBC of Luc-
know dropsy patients when compared to control subjects.
Lower levels of GSH (77%) and higher levels of GSSG
(223%) were noticed in Patna patients with respect to Luc-
know patients when compared to control (Fig. 3). The ratio of
GSSG/GSH in erythrocytes of Lucknow dropsy patients
(threefold) and Patna dropsy patients (14-fold) was found to
be significantly (p < 0.05) increased when compared to con-
trols, which may be due to the direct utilization of GSH by
GSH peroxidase to detoxify sanguinarine-induced formation
of peroxides, or reduced regeneration of GSH from GSSG
catalyzed by GSH reductase (GR) (11). It has been suggested
that GSH also participates in transhydrogenation reactions
that are involved in the formation and maintenance of thiol
moieties of proteins, which in turn are essential for maintain-
ing flexibility of the RBC membranes, Hb, and other mole-
cules such as coenzyme A (20). In this regard, a significant
decrease in thiol content (47%) was observed in RBC of Luc-
know dropsy patients, which was relatively more in Patna
dropsy patients (69%) when compared to controls (Fig. 4).

Glycolysis is the only source for NADH in the RBC, which
is involved not only for the production of energy but also
serves as reducing equivalents to maintain Hb in its func-
tional [Fe (II)] state (13). Sanguinarine inhibits pyruvate oxi-
dase, which results in an increase of pyruvic acid levels in the
blood of dropsy patients (38). Our study showed that NADt
content was increased (44%) significantly (p < 0.05) whereas
decreased levels of NADH (32%) were observed in Lucknow
dropsy patients as compared to controls. Increase in NADt
(77%) and decrease in NADH content (59%) was relatively
more in Patna dropsy patients with respect to Lucknow
dropsy patients when compared to controls. The ratio of
NADH/NADt was found to be decreased significantly (p <
0.05) in Lucknow dropsy (53%) and Patna dropsy (78%) pa-
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FIG. 1. RBC count and hemoglobin content in
whole blood of dropsy patients. Data represent
mean = S.E of values for 14 controls, 14 Lucknow
ED patients, and 2 Patna ED patients. (A) RBC
count: control, range: 3.55-6.55 x 10!%/L; Lucknow
ED, range: 2.15-5.21 x 10!%/L; Patna ED, range:
1.60-1.72 x 10'%/L. (B) Hb content: control, range:
11.40-18.60 g/dl; Lucknow ED, range: 4.60—14.70
g/dl; Patna ED, range: 4.92-6.56 g/dl. *p < 0.05, sig-
nificance with respect to control subjects.

FIG. 2. Peroxidation of lipids in plasma and RBC
fraction of dropsy patients. Data represent mean +
S.E of values for 14 controls, 14 Lucknow ED pa-
tients, and 2 Patna ED patients. (A) Plasma LPO: con-
trol, range: 0.56-2.38 nmol MDA/h/ml plasma; Luc-
know ED, range: 2.55-3.87 nmol MDA/h/ml plasma;
Patna ED, range: 4.43-5.78 nmol MDA/h/ml plasma.
(B) RBC LPO: control, range: 0.92-3.64 nmol
MDA/h/mg Hb; Lucknow ED, range: 2.19-7.21 nmol
MDA/h/mg Hb; Patna ED, range: 7.07-8.02 nmol
MDA/h/mg Hb. *p < 0.05, significance with respect to
control subjects.
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FIG. 3. GSH, GSSG, and GSSG/GSH values in RBC fraction of dropsy patients.

Data represent mean + S.E of values for

14 controls, 14 Lucknow ED patients, and 2 Patna ED patients. (A) GSH; control, range: 7.61-15.28 umol/g Hb; Lucknow ED,
range: 2.36-9.13 umol/g Hb; Patna ED, range: 1.91-3.12 umol/g Hb. (B) GSSG: Control, range: 0.47-1.68 umol/g Hb; Lucknow
ED, range: 0.85-2.92 umol/g Hb; Patna ED, range: 2.81-3.35 umol/g Hb. (C) GSSG/GSH: control, range: 0.031-0.131; Lucknow
ED, range: 0.150-0.880; Patna ED, range: 0.90—1.75. *p < 0.05, significance with respect to control subjects.

tients, when compared to controls (Fig. 5), which suggests
that the impairment in glycolysis pathway leads to a depleted
supply of reducing equivalents. The NAD redox potential
(NADH/NADt) plays an important role in the reduction of
met-Hb catalyzed by met-Hb reductase, maintaining low lev-
els of met-Hb and high concentrations of normal Hb to re-
store RBCs oxygen carrying capacity (13). Met-Hb forma-
tion in RBC of Lucknow dropsy and Patna dropsy patients
was found to be increased by 155% and 418%, respectively,
when compared to controls (Fig. 6). Hence, decrease in

NADH/NADt redox potential of RBCs indicates the impair-
ment of met-Hb reduction rate and inhibition of glycolysis in
the RBC, which leads to breathlessness in dropsy syndrome.

The hexose monophosphate (HMP) shunt in erythrocytes
is critical to supply the reducing equivalents, NADPH, to
protect against oxidative insult through the recycling of GSH
from GSSG catalyzed by GR (33). RBCs of Lucknow dropsy
patients showed significant (p < 0.05) increase (23%) in
NADPt along with decrease (33%) in NADPH concentra-
tions as compared to control subjects (Fig. 7). The ratio of
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FIG. 4. Thiol content in RBC fraction of dropsy patients. FIG. 6. Met-Hb formation in RBC fraction of dropsy pa-
Data represent mean + S.E of values for 14 controls, 14 Luc- tients. Data represent mean + S.E of 14 controls, 14 Luc-
know ED patients, and 2 Patna ED patients. Control, range:  know ED patients, and 2 Patna ED patients. Control, range:
12.69-24.96 pmol/g Hb; Lucknow ED, range: 5.64-11.12 0.31-0.87% of total Hb; Lucknow ED, range: 0.81-2.68% of
umol/g Hb; Patna ED, range: 4.30-6.11 umol/g Hb. *p < 0.05, total Hb; Patna ED, range: 2.98-3.25% of total Hb. *p < 0.05,

significance with respect to control subjects. significance with respect to control subjects.
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FIG. 7. NADPt, NADPH, and NADPH/NADPt values in RBC fraction of dropsy patients.

Data represent mean + S.E of 14

controls, 14 Lucknow ED patients, and 2 Patna ED patients. (A) NADPt: control, range: 39.30-59.62 nmol/ml RBC; Lucknow
ED, range: 40.56—76.69 nmol/ml RBC; Patna ED, range: 82.12—-87.25 nmol/ml RBC. (B) NADPH: control, range: 32.26-58.34
nmol/ml RBC; Lucknow ED, range: 21.23— 43.42 nmol/ml RBC; Patna ED, range: 16.34-18.64 nmol/ml RBC. (C)
NADPH/NADPt: control, range: 0.66—0.97; Lucknow ED, range: 0.33—0.76; Patna ED, range: 0.19-0.23. *p < 0.05, significance

with respect to control subjects.

NADPH/NADPt was decreased (45%) significantly (p <
0.05) in RBC of Lucknow dropsy patients as compared to
control subjects. The depletion of NADPH content (60%)
and the ratio of NADPH/NADPt (76%) were more severe in
Patna patients with respect to Lucknow patients when com-
pared to controls (Fig. 7). The decrease in NADPH content
clearly shows the unavailability of NADPH to recycle GSH
from GSSG, leading to accumulation of GSSG in dropsy pa-

tients, which may be due to inhibition of G6PDH, a key en-
zyme of HMP shunt to produce NADPH from G6P (3). Fur-
ther, high levels of GSSG could inhibit the activity of
G6PDH, which in turn may decrease the NADPH content
(36). In addition, depletion of NADPH concentration may
decrease the formation of Hb from met-Hb, as it also plays a
minor role in the reduction of met-Hb by NADPH dependent
met-Hb reductase (20).
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FIG. 9. HPTLC profile of sanguinarine extracted from
plasma of dropsy patients. Lane I, control; lanes 2 and 3,
Patna ED patients; lane 4, standard sanguinarine; lanes 5—8,
Lucknow ED patients. Sanguinarine was extracted from
plasma of dropsy patients as described in Materials and Meth-
ods. The extracted samples were analyzed by HPTLC using bu-
tanol:acetic acid:water (4:1:2) as mobile phase. The plate was
viewed under dark room at 365 nm.

GLUTATHIONE REDOX POTENTIAL IS A
PRIME SOURCE FOR THE EXISTING PRO-
OXIDANT ENVIRONMENT

Redox potential (E,) of GSH/GSSG pool in RBC repre-
sent different components of oxidative stress and provides a
parameter for pro- and antioxidant events (22). The Eh values
for RBCs are more positive in Lucknow and Patna dropsy pa-
tients (—193 and —167 mV; pro-oxidant environment) than
controls subjects (—221 mV; pro-reducing environment) and
supports the concept that erythrocytes of patients are more in
oxidative environment. A significant (p < 0.05) reduction
(50%) in total antioxidant capacity (TAC) was found in the
plasma of Lucknow dropsy patients as compared to control
subjects. The reduction in TAC was found to be more in Patna
dropsy patients (66%) with respect to Lucknow dropsy pa-
tients (50%) when compared to controls (Fig. 8), which may
be due to the antioxidant action to scavenge sanguinarine-
induced production of free radicals or due to nonavailability
of reducing equivalents to their oxidized forms.

Sanguinarine alkaloid was found to be present in Patna
dropsy patients ranging from 7.15 to 25.7 pg/ml plasma
(lanes 2 and 3 of Fig. 9). The spot of dihydrosanguinarine was
also observed in plasma of Patna dropsy patients. Interest-
ingly, the plasma of a patient where sanguinarine content was
higher (25.7 pg/ml), showed a metabolite spot at Rf 0.69,
However, Lucknow dropsy patients showed neither the pres-
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ence of sanguinarine/dihydrosanguinarine spots nor the meta-
bolite spot (Fig. 9, lanes 5-8).

CONCLUSIONS AND
DIRECTIONS

The ROS-dependent damage of erythrocyte membranes and
Hb along with decreases in GSH, NADH, NADPH, and thiol
contents is responsible to enhance pro-oxidant environment

0,

Argemone oil/
sanguinarine 0

Protein-SSG

Thiol
transferase

Protein-SH (1)

Glutathione
reductase
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and alterations in plasma TAC leading to the development of
normocytic anemia in dropsy patients having breathlessness
(Fig. 10). Enhancement of the pro-oxidant environment in
Patna patients as compared to Lucknow patients may be due to
the fact that antioxidant therapy including a-tocopherol was
not given to Patna patients. Hence, antioxidant therapy may be
beneficial to ED patients and needs detailed clinical trials in
future. Although Indian legislation clearly suggests that mus-
tard oil should be absolutely free from argemone oil contami-
nation (34), however, unscrupulous traders adopt unethical

NADP + NADH ( 1)

Trans
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;

Alterations in redox potential
[Pro-oxidant environment, ( T)]

Plasma

Plasma TAC ()

;
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& oxidation of hemo globin (T)
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FIG. 10. Mechanism(s) of producing pro-oxidant environment due to alterations in glutathione and pyridine nucleotides
leading to decrease of total antioxidant capacity, which in turn causes damage of erythrocytes and hemoglobin in epi-

demic dropsy patients.
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FIG. 11. Various steps from oil seeds to retail selling
of mustard oil in Indian markets. Steps that are regu-
lated by government acts are marked with dotted arrows
in asterisks. Possible adulteration of mustard oil is men-
tioned at various steps before reaching consumers. Apart
from different government acts regulating the genuine
mustard oil, two additional steps (marked with question
mark) may be introduced as amendments in the legisla-
tion so as to curtail this menace, which are mentioned in
the Conclusion. AGAMRK, Agricultural Produce Mark-
ing and Grading Act; BIS, Bureau of Indian Standards;
CPA, Consumer Protection Act; PCR, Packaged Com-
modities Rules; PFA, Prevention of Food Adulteration
Act; SWM, Standards of Weights and Measures Act.
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practices for economic gains in loose mustard oil (Fig. 11),
which is consumed by lower socioeconomic groups. Hence, the
regulatory authorities should enforce the banning of the sale of
loose mustard oil and at the same time suggest the oil industry
to prepare tamper-proof small packing (~100-200 g), so that
the commodity is within the purchase capacity of lower strata.
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ABBREVIATIONS

ED, epidemic dropsy; GSH, glutathione reduced; GSSG,
glutathione oxidized; Hb, hemoglobin; LPO, lipid peroxida-
tion; MDA, malondialdehyde; NADt, nicotinamide adenine
dinucleotide total; NADPt, nicotinamide adenine dinu-
cleotide phosphate total; Met-Hb, met-hemoglobin; ROS, re-
active oxygen species; TAC, total antioxidant capacity.

APPENDIX

1. B-Nicotinamide adenine dinucleotide phosphate reduced
(NADPH), nicotinamide adenine dinucleotide phosphate oxidized
(NADP), nicotinamide adenine dinucleotide reduced (NADH), nicoti-

Adulteration in
mustard oil

Consumers

namide adenine dinucleotide oxidized (NAD), nicotinamide, glu-
tathione reduced (GSH), glutathione oxidized (GSSG), 5,5'-dithio-bis-
2-nitrobenzoic acid (DTNB), thiobarbaturic acid (TBA), malondialde-
hyde (MDA), O-pthalaldehyde (OPT), N-ethyl maleimide (NEM),
disodium ethylene diamine tetraacetic acid (Na, EDTA), tris (hydrox-
ymethyl) aminomethane, glucose-6-phosphate (G6P), 3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyl  tetrazolium  bromide (MTT),
phenazine ethosulfate (PES), and sanguinarine (>98%) were purchased
from Sigma Chemical Co, St. Louis, MO. Alcohol dehydrogenase
(ALDH) from baker’s yeast was procured from SRL Pvt Ltd, Mumbai,
India. Glucose-6-phosphate dehydrogenase (G6PDH) from yeast was
obtained from Boehringer, Mannheim, Germany. Absolute alcohol was
obtained from Bengal Chemicals and Pharmaceuticals, Calcutta, India.
Hemoglobin and total antioxidant capacity assay kits were procured
from Accurex Biomedical Pvt Ltd. Mumbai, India and Randox Labora-
tories Ltd, Ireland, UK, respectively. Vacutainer tubes were obtained
from Becton Dickinson Co, NJ. Water was purified by a Millipore sys-
tem (Milli-Q Corp, Billerica, MA) and had a resistivity >18 M W cm~1.
All the other chemicals used were of the highest purity available from
commercial sources.

2. During February 2005, an outbreak of epidemic dropsy was re-
ported in Rajajipuram, Lucknow, Uttar Pradesh, India. Fourteen pa-
tients from different families of same locality were admitted to King
George’s Medical University (KGMU), Lucknow, and were given
symptomatic treatment along with antioxidant therapy including a-to-
copherol, based on our earlier clinical findings (26). Two patients from
Patna (Bihar, India) were admitted to KGMU during December 2004
with symptoms of epidemic dropsy for the past 2 months and had under
gone symptomatic treatment only. Lucknow patients were of different
age groups including children, adolescents, and adults of both sexes,
while Patna patients were husband and wife (37 and 47 years). By seek-
ing the history of the patients and the records at KGMU, it was con-
firmed that all patients had consumed mustard oil adulterated with AO
as the samples of edible oil consumed by these patients were found to
contain argemone alkaloids using ITRC argemone oil detection kit (9).

3. Fourteen dropsy patients from Lucknow outbreak and 2 patients
from Patna outbreak and 14 healthy volunteers were involved in this in-
vestigation. Blood was collected from Lucknow dropsy patients at
KGMU after 1 week of antioxidant therapy and from 2 Patna patients
after 2 months of appearing symptoms, in vacutainer tubes containing
sodium citrate as anticoagulant and brought to the lab within an hour in
ice-cold condition. A portion of blood was used for erythrocyte count
and hemoglobin concentration and the other portion of blood was used
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for preparation of RBC fraction (4). Briefly, blood was centrifuged at
2,500 g for 15 min at 4°C and erythrocytes were separated from plasma
and buffy coat. The erythrocyte-rich precipitate was washed three
times with saline (3:1, vol/vol) and directly used for the assay of lipid
peroxidation (LPO), hemoglobin oxidation, oxidized and reduced
GSH, oxidized and reduced pyridine nucleotide content, and thiol
groups. Plasma was used for the assay of LPO, total antioxidant capac-
ity, and sanguinarine content.

4. RBC count and hemoglobin content in whole blood samples
were carried out on Automatic Full Digital Cell Counter (MS9, Melet
Schloesing Laboratories, Cergy-Pointoise, France) and expressed as
number of cells X 10'%/1 and g/dl, respectively (45). Hemoglobin con-
tent of the RBC fraction was estimated by using an Accurex kit follow-
ing the instructions given by the manufacturer, and these values were
used for the calculation of LPO, GSH, GSSG, and free sulfhydryls in
erythrocytes.

5. The extent of LPO in plasma and RBC fraction was assayed by
measuring the formation of malondialdehyde (MDA) and expressed as
nmol MDA/hr/ml (plasma) or nmol MDA/hr/mg Hb (RBC) using a
molar extinction coefficient of 1.56 X 105 M~! cm~! (32). Thiol con-
tent was assayed in the RBC fraction using Ellman’s reagent and ex-
pressed as pmol/g Hb (15).

6. The content of GSH and GSSG in RBC was assayed according
to the modified method of Hissin and Hiff (19) using OPT as fluores-
cent probe, which allows binding of GSH to form highly fluorescent
derivative. Briefly, 0.2 ml RBC pellet was diluted with 0.8 ml distilled
water and precipitated with 10% TCA (1 ml). Supernatant was used for
GSH and GSSG determination. For GSH assay, a 4 ml reaction mixture
consisted of 3.25 ml phosphate-EDTA buffer (0.1 M, pH 8.0), 0.25 ml
OPT (1 mg/ml methanol), and 0.5 ml supernatant. Fluorescence of
GSH-OPT adduct was determined after 15 min, using excitation and
emission wavelengths of 350 and 450 nm (slit widths 5 and 10 nm), re-
spectively. For GSSG assay, NEM was used to prevent oxidation of
GSH to GSSG during the assay, which allows the formation of stable
complex with GSH. After incubating 0.5 ml of supernatant with NEM
(0.04 M) for 30 min, GSSG was measured using the procedure outlined
above (for GSH assay), except that 0.1 N NaOH was employed as dilu-
ant rather than phosphate-EDTA buffer. The quantification of GSH and
GSSG was performed by comparing the standard GSH and GSSG fluo-
rescence and expressed as umol/g Hb. The ratio of GSSG and GSH was
calculated by using specific values in the individual samples.

7. Redox potential of GSH/GSSG pool (2GSH — GSSG + 2e- +
2H*) in erythrocytes was calculated using Nernst equation: E, (mV) =
E,—[(RT/nF) log (thiol?)/(disulfide)], where E is the respective stan-
dard potential (—264 mV) for the redox couple at pH 7.4, R is the gas
constant (8.314 Jk—'mol-"), T is the absolute temperature (310 K), n is
number of electrons transferred, (2) and F is the Faraday constant
(96485 1/V) (39).

8. The content of pyridine nucleotides were determined by spec-
trophotometric cycling assay with some minor modifications (48). In
brief, 20 ul of RBC suspension was mixed with 1.98 ml of alkaline ex-
traction solution containing nicotinamide (10 pM), NaHCO; (20 uM),
and Na,CO, (100 uM). The reaction mixture was frozen immediately
and thawed quickly in a room temperature water bath. The mixture was
again chilled to 0°C followed by centrifugation at 14,000 g for 1 min at
4°C, and the supernatant was separated. For measurement of reduced
form of nucleotides, the oxidized forms of NAD and NADP were de-
stroyed by incubating 700 pul supernatant at 60°C for 30 min and again
chilled to 0°C. Unheated supernatant was used for the assay of total
NAD (NADt) and NADP (NADPt). In brief, a volume of 100 pul of
heated (NADH) or unheated (NADt) supernatant was added to 800 pl
of recycling buffer, containing 100 umol Tris-Cl (pH 8.0), 2 pmol PES,
0.5 pmol MTT, and 0.2 mg ALDH. The mixture was incubated for 5
min at 37°C, and 100 pl of ethanol (6 M) was added as substrate. The
rate of increase of absorbance was measured at 570 nm over a 5-min
period. For the assay of NADPH and NADPt, 1.3 IU/ml of G6PDH and
GO6P (1 mmol) was used as enzyme and substrate instead of ALDH and
ethanol. The rate of increase in absorbance was measured at 570 nm
over a 90-sec period and expressed as nmol/ml RBC.

9. The oxidation of hemoglobin in erythrocytes was evaluated by
measuring the formation of met-hemoglobin (Met-Hb) (16). In brief,
RBC fractions (20 pl) were lysed with distilled water (1.98 ml). A por-
tion of this lysate (600 pl) was mixed with 400 pl phosphate buffer (0.5
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M, pH 6.1) and centrifuged at 15,000 g for 5 min to sediment debris. The
absorbance of supernatant fraction was measured at 630 nm before (S1)
and after (S2) conversion to cyanomethemoglobin by the addition of 50
pl of 10% potassium cyanide (KCN). The difference between S1 and S2
represents the absorbance due to Met-Hb. Another portion of supernatant
was used to measure total hemoglobin levels, after converting to Met-Hb
by potassium ferricyanide before (T1) and after (T2) addition of KCN.
The Met-Hb formation was calculated by wusing the formula
[100(S1—S2))/[10(T1—T2)] and expressed as percentage of total Hb.

10. TAC was assayed in plasma by commercially available kit ac-
cording to the method of Miller ez al. (30). In brief, 1 ml chromogen
solution containing 610 uM 2,2'-azino-di-[3-ethylbenzthiazoline
sulphonate] (ABTS) and 6.1 uM peroxidase (metmyoglobin) was incu-
bated with 0.2 ml H,0, (250 pmol/l) to produce the cation radical
ABTS*. This radical has a relatively stable blue-green color and has the
absorption maxima at 600 nm. Antioxidants in the sample (20 pl) cause
suppression of this color production to a degree, which is proportional
to their concentration. The results were calibrated using a standard
curve of Trolox (6-hydroxy-2, 5, 7, 8-tetramethylchro-man-2-car-
boxylic acid) a water-soluble vitamin E analogue and expressed as
mmole equivalents of Trolox concentration per liter plasma (mM).

11. Sanguinarine was extracted from plasma and analyzed using
high performance thin layer chromatography (HPTLC). In brief,
plasma (1 ml) was digested with 2 N HCI (1 ml) at 90°C for 30 min,
followed by centrifugation at 3,000 rpm for 20 min. Supernatant (~2
ml) fraction was separated and extracted with 2 ml chloroform: acetic
acid (3:1.5, vol/vol). The mixture was allowed to separate aqueous and
organic phase at room temperature for 30 min. Upper acid layer was
separated and filtered through filter (0.22 p, Millipore) and dried on
sand bath. The residue was dissolved in methanol and spotted onto a
precoated silica gel plate (E. Merck, Mumbai, India). The plate was run
using butanol, acetic acid, water (4:1:2, vol/vol/vol) as a mobile phase
and the content of sanguinarine in plasma was calculated using pure
sanguinarine as standard and expressed as pg/ml plasma.

12. All results were expressed as the mean + standard error (SE), as
indicated in the tables. Statistical comparisons were made by analysis
of variance with rank ordering (42) employed to calculate the signifi-
cance of difference between the means of healthy controls and the epi-
demic dropsy patients. A value of p < 0.05 was used as the level of
significance.
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