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Chlorine dioxide has been condemned as a dangerous an
COVID-19. This narrative review examines the contr

dioxide by investigating evidence-based research
the results of the first clinical trial utilizing chl
dioxide was found to be employed by numerous
chlorine dioxide was found to be safe when i
can cause adverse hematologic and re
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was determine el coronavirus related to other
coronavi viously caused outbreaks of
Seve espiratory Syndrome [SARS] from 2002-
200 East Respiratory Syndrome [MERS] in
201 0 nstitutes of Health, 2020). This new
coron as named “severe acute respiratory
syndrome coronavirus 2" [SARS-CoV-2] and the illness
resulting from infection with this virus was termed Corona
Virus Disease-19 or “COVID-19” (World Health
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ew of the evidence-based research literature finds
aqueous chlorine dioxide may be a safe and effective
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of chlorine dioxide.
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Organization, 2020).

Although COVID-19 was initially viewed as a respiratory
illness, subsequent investigations discovered this disease
also can affect multiple other organ systems including
cardiac, neurologic, renal, hepatic, gastrointestinal, and
hematologic systems (Basilio, 2020; Rothan and
Byrareddy, 2020).

Currently, the only US Food and Drug Administration
[FDA] approved medication for COVID-19 in the US is
remdesivir, an intravenous nucleotide prodrug of an
adenosine analog. Remdesivir binds to the viral RNA-
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dependent RNA polymerase and inhibits viral replication
through termination of RNA transcription (National
Institutes of Health, 2021). This medicine has been
shown to be superior to placebo in shortening the time to
recovery in adults who were hospitalized with COVID-19
and had evidence of lower respiratory infection (Madsen,
2020). This medicine must be administered in a hospital
or clinical setting capable of providing acute care
comparable to inpatient hospital care.

Furthermore, only one vaccine has been approved to
prevent COVID-19, although three vaccines have
received emergency use authorization [EUA] from the
FDA. The FDA issued EUAs on December 11, 2020 and
December 18, 2020 for the Pfizer-BioNTech (FDA
December 11, 2020) and Moderna (FDA, December 18,
2020) vaccines for the prevention of COVID-19 in the US.
On February 27, 2021, the FDA issued an EUA for a third
vaccine, Jansen [aka Johnson and Johnson] for the
prevention of COVID-19 (FDA May 14, 2021).

This situation has triggered a search for effective
treatments and one potential treatment is chlorine dioxide
[CIO;). CIO, is a simple molecule that is used for a wide
variety of purposes including bleaching wood pulp (Pulp
Paper Mill, 2016), purifying water (Calabrese et al.,
1978), destroying microbes on food (FDA April 1, 2020),
and sterilizing medical equipment (Rutala and Weber,
2008).

ClO, is a strong oxidizing agent that rapidly an
effectively destroys viruses (Alvarez and O’Brien, ;
Junli et al., 1997; Ogata and Shibata, 2008; Sap
al., 2010; Wang et al., 2005) and based upo
virucidal activity, CIO, has been suggeste
prevent the spread of coronavirus (Ka
2020). However, the use of
generated controversy due to
treatment, and the FDA has ad
drink ClO,, describing it as
(FDA August 12, 2019).

This raises the ques
dangerous bleach, a saf
additive, a medical sterila
COVID-19?"

not to

lorine dioxide a
ing agent, a food

METHODOLOG

This i
of Cl

review exploring the potential benefits and risks
is molecule’s potential efficacy as a treatment
forC , strict selection criteria were not applied for the
selec s included in this manuscript. Rather, articles
were ¢ sed upon how informative, comprehensive, and
relevant they were to the theme of this article. Themes explored in
this article include: Chemistry of CIO,, Historical uses of ClO,
Virucidal activity of ClO,, Safety of ClIO,, Toxicity of CIO,, Efficacy
of ClO; as a treatment for COVID-19, and Controversies related to
the use of CIO..

Results of evidence-based research articles, government
documents, and the first clinical trial utilizing ClO, as a treatment for
COVID-19 were reviewed for inclusion in this review.

RESULTS
Physical and chemical properties of CIO, chemistry

Chlorine dioxide [CIO;] was first discovered by Slr
Humphrey Davy in 1814 (Gray, 2014). CIO, is i
molecule consisting of one chlorine atom and
atoms (ChemicalSafetyFacts.org,

52°F. CIO, is a liquid whereas above i to a
gas (PubChem, 2018).

CIO, is a very reactive compo
broken down quickly into chlori
water, ClIO, undergoes photodeca
chlorate and chloride (CI) ions. CIO;
d|t|0n

hi
tion of the storage
partment of Health and

decomposition under

ecomposition takes place and the

eases. The stability of dissolved
on the pH and concentration of the solution
iralt, 1982). The stability of CIO, can be
by incorporating it into a gel (Palcso et al.,

> can be synthesized from the reaction between
O, [sodium chlorite] and an acid, such as
hydrochloric acid [HCI] or phosphoric acid [H3PO,]
(ChemicalSafetyFacts.org, 2020). CIO, is highly soluble
in water. When exposed to sunlight, it rapidly breaks
down into chlorine gas and oxygen. In water, ClO, quickly
reacts to form chlorite ions (Department of Health and
Human Services, 2004).

ClO, has an odd number of electrons with 19 valence
electrons. A single electron occupies the highest
unoccupied molecular orbit, which renders the molecule a
free radical and produces its reactive nature (Flesch et
al., 2006). The single unpaired electron results in CIO,
being a strong oxidant, which allows it to accept an
electron via oxidation-reduction reactions. This strong
oxidizing potential has given rise to a wide variety of
applications in a multitude of industries (Environmental
Protection Agency, 2000).

Uses of chlorine dioxide

Products containing ClO, are employed as bleach at high
concentrations (Figure 1) (Pulp Paper Mill, 2016). The
Environmental Protection Agency [EPA] first registered
the aqueous form of ClO, for use as a disinfectant and a
sanitizer in 1967, and as a sterilant in 1988 (EPA, 2006).
In May 2020, the EPA listed CIO, as an approved hard
surface disinfectant for use against SARS-CoV-2 (EPA,
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Figure 1. Comparison of concentrations of ClO, for various
by EPA in municipal water treatment plants (EPA, 2008); (b) 3
additive in poultry processing (FDA April 1, 2020); (c) 4 ppm is
registered product (EPA, 2006); (d) 30 ppm used in a cligi
2021); (e) 6,000 ppm is used to bleach wood pulp (Pul

2020).

ClO, is also utilized as a water purifying
Europe, this application began in the mid-19
(Benarde et al., 1965). In the US, the E
ClO; to purify drinking water (
Falls Water Treatment Plant in
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y for Toxic Substances and
v Gray, 2014). This includes over
treatment plants that use CIO, full time
900 that use it either part time or
nberger, 1999; Jonnalagadda and

In addition to water purification, other applications for
CIO; include agricultural, commercial, medical, industrial,
and residential uses. The agricultural industry utilizes
CIO, as a disinfectant of surfaces and equipment (EPA,
2006). The FDA has approved CIO, for use by the food
and beverage industries as a disinfectant and a bleaching
agent for flour (FDA April 1, 2019; FDA April 21, 2019). A
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Concentration of chlorine dioxide for various applications

pm

is maximum level allowed
el allowed by EPA as a food
urification of surface water by EPA
VID-19 (Insignares-Carrione et al.,

imum concentration of 3 ppm is allowed when CIO; is
used as an antimicrobial agent in water used for poultry
processing (FDA April 1, 2019) (Figure 1). The medical
field uses CIO, to sterilize equipment (EPA, 2006).
Because ClO, evaporates readily, it is present in both
liquid and gas phase above the liquid, thus it may be able
to reach microorganisms in areas that are otherwise
difficult to reach. For use in the treatment of endodontic
infections, it has been recommended that ClO, be used in
combination with other endodontic agents such as EDTA
(Herczegh et al., 2019). The pulp, paper, and textile
industries employ this product to remove colors
(Jonnalagadda and Nadupalli, 2014). Residential uses
include improving halitosis (Frascella et al., 2000;
Loesche and Kazor, 2000) and controlling odors (Ogata
and Shibata, 2009).
The EPA has registered CIO, as a pesticide [i.e.
antimicrobial] due to its abilty to eliminate
microorganisms such as bacteria, viruses, and parasites
from surface water, thereby rendering it safe to drink
(EPA, 2006) (Figure 1). This application, at concentrations
up to 4 ppm, is utilized by backpackers and emergency
management personnel who obtain surface water from
lakes or streams and purify it to create safe drinking
water.

Based upon its safety, environmental friendliness,
affordability, and ability to destroy a wide range of
microorganisms, ClO, has been termed the “ideal biocide”
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Table 1. Adverse events 2011 - 2020 reported on FAERS*.

Product

No. of cases of adverse events

Acetylsalicylic acid
Acetaminophen
Ibuprofen
Diphenhydramine
Vitamin D3
Chlorine dioxide

75,423
70,533
60,097
8,179
854
5

*FDA March 31, 2020.

(Simpson et al., 1993) and a “universal antidote” (NASA,
1988).

Virucidal activity of chlorine dioxide

ClO, acts as a potent, rapid virucide with activity against
a wide range of viruses including Poliovirus, Adenovirus,
Herpes simplex virus-1, Influenza virus, Measles virus,
Mumps virus, and SARS-CoV (Alvarez and O’Brien,
1982; Junli et al.,, 1997; Ogata and Shibata, 2008;
Sanekata et al., 2010; Wang et al., 2005). CIO,’s virucidal
activity stems from its action as an oxidant (Wigginton e
al., 2012). After coming in contact with a virus, chlorin
dioxide rapidly oxidizes specific amino acids [primarily
cysteine, tryptophan and tyrosine] in viral
resulting in the loss of an electron from these a
(Fukayama et al., 1986). This redox reactio
ClO, and the virus degrades the vitus's
rendering it inactive and unable t@jinfe

et al., 1986; Ogata, 2012; Wigg

Arguments for and agai
dioxide to treat COVID-1

Arguments pertaining to t O, to treat COVID-
19 generally ce 0 compound’s safety,
although questi fficacy arise as well.

ays to evaluate the safety of a product.
olves assessing the adverse effects
the use of a product, and the second
examine the product’s lethality.

According to the EPA, oral ingestion of low doses of
aqueous CIO, in drinking water is not associated with
significant adverse effects (EPA September, 2020). In
fact, human studies have found no adverse effects in
individuals who consume drinking water from municipal
water treatment plants that use CIO, as a disinfectant
(Michael et al., 1981; Tuthill et al., 1982). Although one

study (Kanitz et al., 1996) found risk of

several development ffects dfy a nity with
ted with CIO,, the
ffers from numerous

drinking water,
to interpret the study’s
findings er,” 2020). The EPA has
establis i it for ClO, of 0.8 mg/L [that is,
s a water purifying agent in
ent plants (Figure 1) (EPA, 2006).
also approved a limit of 4 ppm for
inking water, which involves disinfecting
in emergency situations (EPA April 29,

, ho adverse effects have been found when
oncentrations [0.04-0.15 mg/kg-day] of aqueous
are consumed in experimental studies. Short-term
ingestion of CIO, in a laboratory setting was assessed in
two human studies by Lubbers et al. (1982) at the Ohio
State University, College of Medicine. In the first study, a
group of 10 healthy male adults drank two 500 mL
portions of a ClO, solution, 4 h apart. They drank the
ClO, solution every three days at steadily increasing
concentrations, starting with 0.1 ppm and gradually
increasing to 24.0 ppm (Lubbers et al., 1982). In the
second study, a group of 10 adult males drank 500 mL of
distilled water containing 5 ppm of CIO, daily for 12
weeks. Neither study found any alterations in general
health, vital signs, serum chemistry, hematologic
parameters, or serum triiodothyronine [T3] or thyroxine
[T4] (Lubbers et al., 1984).

Although the ingestion of low doses of CIO, is safe,
high doses can be dangerous. As shown in Table 1, there
have been 5 reports to the FDA Adverse Event Reporting
System [FAERS] of adverse effects associated with the
use of ClO,, and all 5 of these involved a product known
as “Miracle Mineral Solution” or MMS.

MMS is a product that was developed by Jim Humble
between 2001 and 2006. It is a solution of ~22 to 28%
sodium chlorite in distilled water that its creator claimed
can cure a wide range of maladies including malaria, HIV,
autism, and cancer (FDA August 12, 2019; Humble,
2006). Although Humble strongly advocated the use of
MMS for many years, he later retracted his claims,
stating, “Today | say that MMS cures nothing!” (Galli et



Table 2. Deaths associated with the use of ClO, and other
commonly used active pharmaceutical ingredients 2011-

2020*.

Product

No. of deaths

Acetaminophen
Acetylsalicylic acid
Ibuprofen
Diphenhydramine
Vitamin D3
Chlorine dioxide

16,332
10,528
4,689
2,662
10
0

*FAERS March 31, 2020.

Table 3. LDsg of commonly used active pharmaceutical ingredients.

Product LDso (mg/kg)*
Chlorine dioxide >5,000
Ibuprofen 636 gBa )

Chlorine dioxide
Acetylsalicylic acid
Dextroamphetamine sulfate
Chlorine dioxide

Nicotine

Vit D3

Fentanyl

*Qral LDs in rats.

al., 2016).

The FDA has continued to
and similar products, stating “in
the same as drinking bleach.” T
“has caused serious and poteaqti

diarrhea, life-threatening
dehydration and acute i
products” (FDA Au

essure caused by
er drinking these

e from sources other

than the F e Children’'s Hospital of
Philadelphia ( receiving 6 calls in 5 years
related to s ranged in age from 3 to 48

rienced nausea and weakness
estion and the second experienced
fter being administered an enema that

cts were also described in a case report of
a 41-year-old woman who developed Kikuchi-Fujimoto
disease [histiocytic necrotizing lymphadenitis] after
ingesting an unknown quantity of MMS in a glass of water
that was given to her by a relative. She was admitted to a
hospital 11 days after the onset of symptoms which
included fever, left-sided lymphadenopathy, chills, rigors,
and a dry cough. An excisional lymph node biopsy was

29 H (20

2 s (2020)
97 FD 07)
obson and Cary (WHO) (2002)
ayer (2014)

Spectrum Chemical (2010)
Akorn (2015)

performed, and histological findings were consistent with
Kikuchi-Fujimoto disease. She was treated
symptomatically with paracetamol 1 g every 6 h for 72 h
and she defervesced 16 days after the initial onset of
fever. Outpatient follow-up at 2 weeks found no
recurrence of fever (Loh and Shafi, 2014).

Stories in the media have also described adverse effects
and death in people who ingested MMS. Several news
stories reported the case of a woman who was sailing
with her husband in the south Pacific in August 2010
when she suddenly became ill after drinking MMS. This
woman developed nausea, vomiting, diarrhea, abdominal
pain, and felt faint, then lapsed into a coma and died
(Galli et al., 2016; New Zealand Herald, 2016; Ono and
Bartley, 2016). Autopsy results were inconclusive,
however (Gibson, 2010).

A story in The New York Times reported the FDA had
“received reports of at least 20 people affected by
exposure to MMS, with at least seven deaths of people
who had ingested Miracle Mineral Solution - two in 2018
and one each in 2017, 2014, 2013, 2011 and 2009”
(Hauser, 2019). However, a review of the FDA’s Adverse
Events Reporting System [FAERS] Public Dashboard
indicates as of March 31, 2020, only 5 reports of adverse
effects were received, one each in 2011, 2014, 2017, and
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two in 2018. Furthermore, no deaths were listed (FDA
March 31, 2020).

High doses of CIO, can cause adverse effects in
formulations other than MMS. One of these adverse
effects is methemoglobinemia. When CIO, is added to
water, chlorites are formed. High concentrations of
chlorite ions oxidize hemoglobin to methemoglobin
(Moore et al., 1978), and the ingestion of a high dose of
ClO, can result in methemoglobinemia. One example
comes from the report of a 25-year-old male who
ingested 10 g of sodium chlorite dissolved in 100 mL of
water during a suicide attempt. He subsequently
developed generalized cyanosis and respiratory distress
and was found to be suffering from methemoglobinemia.
He went on to develop an acute hemolytic crisis and
disseminated intravascular coagulation. After being
treated with continuous arterio-venous hemodialysis for
24 h, his methemoglobin decreased from 43.1 to 16.9%.
However, he subsequently developed acute renal failure.
Hemodialysis was continued for 4 weeks and after 3
months, renal function normalized (Lin and Lim, 1993).
An important note is that individuals with glucose-6-
phosphate deficiency [G-6-PD] may be at increased risk
of forming methemoglobin following ingestion of CIO, due
to their reduced ability to detoxify hydrogen peroxide
(Moore et al., 1978).

Another important factor when evaluating a product’s
safety is lethality. One method of evaluating the lethalit
of a product is to track the number of deaths resuiting
from the use of the product. The risk of inges
doses of ClO, has not been associated with a
The HHS estimates as many as 12 million per
US consume CIO; by drinking treated w;,
of Health and Human Services, .
number of deaths associated wi

[0,. Only 1
t search. This
e woman who died
her husband (Galli

death was identified from
involved the aforementio

et al., 2016).
Another met

product’s LDs

required to Kill

ining safety is to examine a
f a substance is the dose
bers of a tested population.
One c population is rats and the LDsq
of C as well as commonly used over-the-
cou and prescription medicines, is listed in
Tabl orld Health Organization reported the
LDsg O, as 94 mg/kg (Dobson and Cary, 2002),
which falls between the LDs, of 50 mg/kg for nicotine
(Mayer, 2014) and 97 mg/kg for dextroamphetamine
(FDA, 2007). However, the National Institute for
Occupational Safety and Health (NIOSH, 2014) reports
the LDsg in rats as 292 mg/kg, which places it between
aspirin and ibuprofen, and the US EPA (2008) lists the
LDsg as >5,000 mg/kg.

Efficacy

ClO, has been demonstrated to be an effective virucide,
capable of rapidly and effectively eliminating a wide
range of viruses both in vitro and in vivo (Junli et al.,
1997; Ogata and Shibata, 2008; Sanekata et
Wang et al.,, 2005). CIO, has been demo

mg/L in wastewater (Wang et al.,,
previously noted, the EPA lists CIO, ¢
destroy SARS-CoV-2 on hard su
2020).

Ogata and Miura (2020)
experiment examining the effects
the SARS-CoV-2 virus with angio
enzyme 2 [ACEZ2], whielmis the r
SARS-CoV-2 i a y (Ali and Vijayan,
atment with 0.5 mmol/L
in decreased binding to

(2020) conducted a
Iving 104 patients in Ecuador utilizing
tment for COVID-19. Patients in the trial
red an aqueous solution of 30 ppm CIO; in
ater. This treatment was divided into 10 doses
S»’100 ml each] and the doses were administered
hour and a half for 20 days. The investigators
d that all symptoms of COVID-19 began to decrease
on the first day of treatment and were significantly
reduced by the 4th day of treatment.

An international multi-center study (Insignares-Carrione
et al.,, 2021) was carried out from July 2020 through
December 2020 involving 20 patients from Bolivia, Peru,
and Ecuador. The treatment group [n=20] consisted of
patients aged 18-80 years old, who tested positive for
SARS-CoV-2 via RT-PCR and reported characteristic
symptoms of COVID-19 [that is, fever, odynophagia,
respiratory distress]. Exclusion criteria included COVID-
19 RT-PCR negative, renal failure, congestive heart
failure, and treatment with anticoagulants.

The treatment group received a loading dose of 1 L of
water containing 30 ppm CIO, that was drunk over a
period of 2 h in 8 equally divided doses. Subsequently,
patients in the treatment groups were administered 1 L of
water containing 30 ppm CIO, that was divided into 10
equal doses and was administered hourly. Treatment
continued for 21 days.

The control group received anti-inflammatory treatment
[ibuprofen at doses between 200 and 400 mg every 8 h],
antibiotic [azithromycin 500 mg daily for 5 days],
antihistamines [hydroxyzine 5 mg every 12 h],
corticosteroids [methylprednisolone 40 mg every 12 h for
3 days, then 20 mg every 12 h for 3 days], and supportive
measures.

The results of the study found a statistically significant



reduction in symptoms in the treatment group compared
with the control group. The authors recommended
conducting randomized double-blind studies.

Another source of information regarding the possible
efficacy of ClO, against COVID-19 derives from statistics
pertaining to cases and deaths from COVID-19 in Bolivia.
In early August 2020, Bolivia approved CIO, as a
prevention and treatment for COVID-19. The number of
cases of COVID-19 subsequently dropped 93% from
August 20, 2020 to October 21, 2020 and daily deaths
decreased 82% from a peak on September 3, 2020 to
October 21, 2020. Although other factors may have
played a role in the decline in cases and mortality during
this time, the fact that cases and deaths dropped in
Bolivia but not surrounding countries suggests ClO, may
have played a role in the progress seen in Bolivia
(Insignares-Carrione et al., 2021).

DISCUSSION

This review finds that low concentrations of aqueous CIO,
are safe when ingested orally. Although reports of
adverse effects and deaths associated with the use of
ClO, are rare in comparison to other commonly used
products, these statistics may underestimate the risk of
ingesting ClO,. The total number of cases of adverse
effects and deaths is dependent upon the number o
exposures, and the number of exposures may be

CIO, in drinking water (HHS, 2004), however
needs to be compared with the numbe ;

listed in Tables 2 and 3 to
assessment of the relative ri
products.

Furthermore, the number @
listed by the FDA does
substances ingested.
determining whether a the ervention functions
as a treatment o on. ow doses of ClO, do
not cause adv ectsgand are not lethal, high doses
are associated he gic and renal complications.
a substance is helpful in
safety or risk of a given
o Varies between species and therefore
ts may be different than the lethal dose

and deaths
dose of the
critical factor in

ertainty regarding the rate of adverse
events and the need for studies exploring optimal dosing,
data from initial human studies exploring low dose
aqueous ClO, as a treatment for COVID-19 suggest this
agent reduces the severity of COVID-19 symptoms.
When examining the scientific rationale for determining
whether or not to pursue a particular therapeutic
intervention, it is important to assess the risk-benefit ratio.
In the case of COVID-19, the biggest risk is death. The
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mortality ratio [that is, the number of reported deaths
divided by the reported cases] for COVID-19 is currently
estimated to be 2% and the total number of deaths
resulting from COVID-19 worldwide currently exceeds
3.37 million as of May 21, 2021 (Johns, 2021).

The potential benefits of utilizing CIO, include the
destruction of the SARS-CoV-2 virus in the h
the treatment of COVID-19 symptoms, an
post-acute COVID-19 syndrome, or
syndrome. With the favorable afor
profile, it would appear that the
aqueous ClO, therapy far outwei

PN

Conclusion

Chlorine dioxj
antimicrobial

d and widely used
g "virucidal activity. An

molecule is the dose. At low
is not associated with adverse

d the safe therapeutic dosage range if we are
2 a therapy effectively and avoid untoward events.
S dictum applies to ClO; as well.

Controlled, double blind studies examining the use of
ClO, as a prevention and treatment for COVID-19 are
needed. A dispassionate assessment of the evidence-
based risk-benefit ratio indicates a scientific rationale
exists for the examination of ClO, as a potential treatment
for COVID-19. Hyperbolic press reports and alarmist
statements that fail to discriminate between different
formulations, concentrations, and doses of CIO, only
serve to increase confusion and impede scientific inquiry
into the potential uses of this molecule as a therapeutic
agent.
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ABBREVIATIONS

ACE2, Angiotensin-converting enzyme 2; ClO,, chlorine
dioxide; COVID-19, Corona Virus Disease — 2019; EPA,
US Environmental Protection Agency; EUA, Emergency
Use Authorization; FAERS, FDA Adverse Event Reporting
System; FDA, US Food and Drug Administration; HzPO,,
phosphoric acid; HCI, hydrochloric acid; HHS, US
Department of Health and Human Services; LDs, the
median lethal dose of a substance is the dose required to
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kill half the members of a tested population; MERS,
middle east respiratory syndrome; mg/L, milligrams per
liter; mmol/L, millimoles per liter; MMS, miracle mineral
solution; NaClO,, sodium chlorite; ppm, parts per million;
SARS, severe acute respiratory syndrome; SARS-CoV-
2, severe acute respiratory syndrome coronavirus 2; T3,
triiodothyronine; T4, thyroxine.
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