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Effects of Zinc Gluconate and 2 Other Divalent
Cationic Compounds on Olfactory Function in Mice

Christopher A Duncan-Lewis,' Roy L Lukman,? and Robert K Banks"”

Intranasal application of zinc gluconate has commonly been used to treat the common cold. The safety of this treatment, how-
ever, has come into question recently. In addition to a United States recall of a homeopathic product that contains zinc gluconate,
abundant literature reports cytotoxic effects of zinc on the olfactory epithelium. Additional research suggests that divalent cations
(such as zinc) can block ion channels that facilitate the transduction of odors into electrical signals on the olfactory epithelium. The
purpose of the current study was 2-fold: to confirm whether zinc gluconate causes anosmia and to reveal whether any other divalent
cationic compounds produce a similar effect. Groups of mice underwent a buried food-pellet test to gauge olfactory function and
then were nasally irrigated with 1 of 3 divalent cationic compounds. When tested after treatment, mice irrigated with zinc glucon-
ate and copper gluconate experienced a marked increase in food-finding time, indicating that they had lost their ability to smell a
hidden food source. Control mice irrigated with saline had a significantly lower increase in times. These results confirm that zinc

gluconate can cause anosmia and reveal that multiple divalent cations can negatively affect olfaction.

Abbreviation: BFP, buried food pellet.

An over-the-counter medicine that supposedly reduces the se-
verity and duration of the common cold is applied intranasally
and is composed primarily of a diluted form of zinc gluconate.
This particular remedy has enjoyed moderate popularity, selling
over 35 million units since its introduction in 1999.'° Despite its
widespread use, the product has recently been linked with the
loss of the sense of smell. After receiving more than 130 consumer
reports of product-induced anosmia, the US Food and Drug Ad-
ministration warned the public against using these nasal gels and
swabs, and these products were removed from the market.” The
manufacturer maintains that its products are completely innocu-
ous and dismisses the cases of anosmia as a result of the common
cold.

However, the hazards associated with the intranasal applica-
tion of zinc have been well documented. During the testing of a
potential polio treatment in the 1930s, zinc sulfate was found to
disrupt the sense of smell in children.!* Numerous subsequent
studies have produced olfactory nerve damage and anosmia in
the mouse through nasal irrigation of ZnSO,.5"!* In a 1982 study
on the effects of various salts on the olfactory epithelium of cat-
fish,? both zinc chloride and zinc sulfate damaged olfactory cells.
The same study also demonstrated that anions were inactive on
the olfactory epithelium since sodium sulfate and sodium chlo-
ride produced no effect. Furthermore, medical evaluations of
patients exhibiting anosmia after use of the product mentioned
earlier have isolated zinc application as the cause of sensory loss
in several subjects.!”
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The process by which zinc causes olfactory dysfunction is not
fully understood, but it most likely occurs during the transduc-
tion of odors into electrical signals on the olfactory epithelium.
When odorants enter the nose, they are believed to attach to olfac-
tory receptors, stimulating the release of cAMP and the formation
of inositol-1,4,5-trisphosphate. These compounds open various
‘cation channels,” which allow Ca?* ions to enter the olfactory neu-
rons. Ca?* entry eventually results in depolarization of the cells,
which consequently release action potentials that carry informa-
tion to the olfactory bulb.!? Ba** was shown to block the aforemen-
tioned inositol-1,4,5-trisphosphate- and cAMP-gated channels in
animals™ and in humans.” If these channels are nonspecific in fact,
they could be blocked by divalent cations other than Ca*, thereby
explaining why Zn?* causes anosmia.

The manufacturer of the aforementioned product asserts that
results from studies showing the harmful effects of zinc sulfate
cannot be applied to zinc gluconate.’ Zinc gluconate, however,
possesses the same divalent cation present in ZnSO, and therefore
could negatively affect olfactory function in a similar manner.
Before 2009, this hypothesis was empirically tested only once in a
2007 study involving the direct effects of intranasal zinc gluconate
on olfaction. The findings of this study failed to support claims
that the product causes anosmia, but it should be noted that this
study was funded in part by the manufacturers,' and a similar
experiment in 2009 yielded somewhat conflicting results.® Al-
though one study assessed the effects of several salts on the olfac-
tory epithelium,? no previous studies have evaluated the effects of
divalent cations other than zinc on olfactory function.

Given the apparent void in research on this subject, the current
study was performed to confirm whether zinc gluconate causes
anosmia and to reveal whether other divalent cationic compounds
produce a similar effect.
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Materials and Methods

Animals. Female mice (Mus musculus; CD1; viral-antigen—free;
n =42; age, 76 or 77 d) were provided by Charles River Laborato-
ries (Wilmington, MA). Mice were housed in groups of 3 or 4 in
heavy-duty polysulfone cages (18.4 X 29.2 x 12.7 cm; Alternative
Design, Siloam Springs, AR). Water was provided ad libitum,
and mice were allowed free access to irradiated laboratory rodent
food (Harlan Laboratories, Indianapolis, IN) at all times except 17
h before behavioral tests. All experimental procedures were ap-
proved by the University of Central Florida Institutional Animal
Care and Use Committee. Furthermore, all animals were treated
humanely during this research, in accordance with the Guide for
the Care and Use of Laboratory Animals.®

Compounds. The compounds used for nasal irrigation (zinc
gluconate, copper gluconate, and magnesium gluconate) were
manufactured by MP Biomedicals (Solon, OH) and purchased
from Fisher Scientific (Pittsburg, PA). Each salt was put into solu-
tion with deionized water in a concentration of 33 mM, the same
concentration at which zinc gluconate is found in aforementioned
commercial product. In addition, PBS was purchased from Fisher
Scientific.

Pretreatment behavioral tests. To assess olfactory function, all
members of the zinc gluconate control and experimental groups
were evaluated by using a modification of the buried food-pellet
(BEP) test, similar to a method used previously.” This behavioral
test, which has been used numerous times to gauge olfactory
function, > tasks the subjects with relying on the sense of smell
to locate food.

After the animals fasted for 17 h, one mouse was placed in a
25.9 x 47.6 x 20.9 cm rat cage (Allentown, Allentown, NJ) con-
taining an approximately 4-g pellet of rodent food buried under
approximately 3 cm of Sani-Chips bedding (Harlan Laboratories,
Indianapolis, IN). The time (in seconds) that the mouse required
to uncover the food and grab it in its forepaws or teeth was re-
corded. The mouse was allowed to consume a portion of the pel-
let and then was returned to its home cage. Each control (n = 7)
and experimental (1 = 7) mouse was tasked with finding the food
in the same manner. The bedding was changed for each mouse,
with the food being buried in the same location. Each subject then
underwent the same test 2 more times, with the food hidden in a
new position chosen for each round of trials. By the end of these
pretreatment trials, each mouse had located the pellet in the same
3 locations, with these scores setting a baseline for olfactory func-
tion.

Zinc gluconate nasal irrigation. The zinc gluconate treatment
began an hour after completion of pretreatment testing. The
first control mouse was placed in a DecapiCone animal restraint
(Braintree Scientific). While the subject was held in place by an
experienced laboratory animal technologist, an 8-mm 30-gauge
needle (blunted at the tip) was inserted approximately 2 to 3 mm
into the mouse’s left nostril. PBS (100 uL; Fisher Scientific) then
forcefully was expelled into the nostril from a syringe attached
to the needle. Animal feeding needles were considered but were
too large for insertion into a mouse’s nostril. After irrigation, the
mouse was returned to its home cage. This process was repeated
for each control mouse, and each experimental mouse was irri-
gated with 100 pL 33 mM zinc gluconate solution. Because several
mice experienced tremors and impaired respiration after being
flushed with 100 uL solution, the volume injected subsequently
was reduced to 50 uL when each animal’s right nostril was ir-
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rigated with the same solution 45 min later. The mice responded
more favorably to the smaller volume, so 50 uL was used in future
irrigations. Despite the observed difficulties, the survival rate of
the treatment was in excess of 92%.

Posttreatment behavioral tests. At 30 min after treatment, each
control (n = 7) and remaining experimental (1 = 6) mouse under-
went the BFP test only once. Mice that could not find the pellet in
6 min were returned to the home cage, and latency was recorded
as 360 s. The BFP test was repeated at 48 and 96 h after the first
pretreatment time trial. All mice were fasted 17 h prior to each
test. Food-finding time once again was recorded as 360 s for any
mouse that could not find the food in 6 min.

Copper gluconate tests and treatments. Copper gluconate con-
trol (n = 7) and experimental (1 = 7) mice were fasted and under-
went BFP tests. An hour after completion of the time trials, each
mouse was nasally irrigated in the same manner as described ear-
lier. The only modification implemented was the replacement of
zinc gluconate solution with copper gluconate solution, 50 pL of
which was expelled into each nostril of each mouse. The survival
rate for these irrigations was 100%. Posttreatment behavioral tests
were performed at 30 min, 48 h, and 144 h after the first pretreat-
ment test. The last posttreatment tests were performed 144 h after
the first test, because the animal husbandry staff omitted to fast
the mice in time for the 96-h tests; they were performed at the
next possible time that would avoid any circadian variation in
food-finding times. Animals were fasted 17 h before each of the
last 2 trials.

Magnesium gluconate tests and treatments. One final com-
pound—magnesium gluconate—was tested. Experimental (1 =
7) and control (1 = 7) mice were fasted and evaluated in BFP tests
as previously outlined; mice then were irrigated with either 50 uL
saline or magnesium gluconate solution. No fatalities occurred
during these irrigations, although one mouse died several hours
after treatment. Posttreatment time trials were performed 30 min,
48 h, and 96 h after treatment, with the subjects being fasted 17 h
prior to the last 2 tests.

Follow-up behavioral tests. After the last BFP test, the mice
given copper gluconate and zinc gluconate were allowed to reac-
climate for about 3 wk. At 32 d after pretreatment testing, each
mouse was evaluated in the BFP test once more to check for any
change in olfactory function. After termination of the study, mice
were donated to the University of Central Florida Wild Animal
Facility to be used for teaching purposes or were transferred to
other approved projects.

Statistical analysis. The mean latency of each experimental
group was compared with that of its corresponding control group
by using 2-way ANOVA with an alpha level of 0.05. In addition,
a one-way ANOVA was used to compare the mean food-finding
times of the 3 control groups. All statistical analysis was per-
formed by using PASW Statistics 18 for Windows (SPSS, Chicago,
IL).

Results
Pretreatment food-finding ability. During the pretreatment be-
havioral tests, every mouse in every group was able to find the
buried pellet in less than 6 min. As illustrated in Figures 1 through
3, the mean food-finding times were relatively low in the pretreat-
ment trials (trials 1 to 3), and there was no significant difference
between the means of the experimental and control groups.



Performance after zinc gluconate treatment. In the posttreat-
ment behavioral tests, both the zinc gluconate control and ex-
perimental groups experienced an increase in mean food-finding
times (Figure 1). The mean latency of the experimental group was
significantly higher than that of the control group in posttreat-
ment tests; treatment had a significant effect (F[1,36] = 34.967; P
< 0.001), whereas trial had no significant effect (F[2,36] = 0.015;
P = 0.985). There was no significant interaction between treat-
ment and trial (F[2,36] = 0.846; P = 0.437). In most of these trials,
subjects in the experimental group were unable to find the food
at all, whereas all control mice found the pellet every time, with
one exception.

Behavioral differences between the groups were observed in
addition to the differences in food-finding times. When placed in
the test cage, control mice appeared to constantly sniff the bed-
ding on which they walked and dug into the bedding very little
until they had located the food. Treated mice were more inclined
to dig and burrow in all areas of the cage, rarely sniffing the bed-
ding. These tendencies were observed with very few exceptions.
The constant digging occasionally resulted in an experimental
mouse finding the pellet by chance.

Given the dramatic increase in latency and obvious behavior-
al differences, 5 of the 6 surviving treated mice were declared
anosmic. The remaining treated mouse found the pellet in each
posttreatment test and did not exhibit any of the behaviors char-
acteristic of the other experimental subjects. This mouse appeared
to retain its olfactory function, perhaps due to poor nasal irriga-
tion technique.

Performance after copper gluconate treatment. As for zinc glu-
conate, copper gluconate treatment produced a marked effect
(Figure 2). In the posttreatment tests, the mean food-finding time
of the experimental group again was significantly higher than
that of the control group, with treatment having a significant ef-
fect (F[1,36] = 28.312; P < 0.001). Trial had no significant effect
(F[2,36] = 2.978; P = 0.064), and there was no significant interac-
tion between treatment and trial (F[2,36] = 1.262; P = 0.265).

The same behavioral differences observed during the zinc glu-
conate posttreatment trials were apparent during the copper glu-
conate trials. All 7 of the treated mice were declared anosmic: 3 of
them never found the food pellet after treatment, and the remain-
ing 4 mice located the pellet only once.

Performance after magnesium gluconate treatment. Magnesium
gluconate treatment produced little to no effect (Figure 3), with no
significant difference between the mean food-finding times of the
control and experimental groups in the posttreatment BFP tests
(F[1,34] = 1.917; P = 0.175). No behavioral differences between
the groups were observed, and none of the mice were declared
anosmic.

Control group comparison. One-way ANOVA comparing the
posttreatment mean food-finding times of the 3 control groups
revealed no significant difference (F[2,58] = 0.867; P = 0.426).

Follow-up behavioral tests. In BFP tests performed 32 d after
treatment, the effects of the zinc gluconate and copper gluconate
treatments had diminished. Significant differences were no longer
detected between the mean food-finding times of the experimen-
tal and control groups.

Discussion
Mice nasally irrigated with a zinc gluconate solution lost their
ability to find a hidden food pellet. Whereas control mice irrigated
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with saline were able to locate the pellet, treated mice could not
detect the volatile odors emitting from the familiar food source.
These results support the notion that zinc gluconate can impair
olfactory function, consistent with previous findings.®

The results of a 2007 study on the effects of zinc gluconate on
olfaction did not support the claims that a commercial solution
containing zinc gluconate causes anosmia.’ In mice irrigated
with volumes of 2 and 8 uL, the authors reported only minimal
effects on olfaction and the olfactory epithelium. Mice irrigated
with 50 pL zinc gluconate were noted to be “hyposmic, but clearly
not anosmic.”* The authors also argued that the application of
50 pL was not relevant in proving that the product causes anos-
mia, because that volume would equal about 94 times the human
dose.”®

Although the volume of zinc gluconate used in the current
study is many times the recommended human dose, using a
smaller volume may have yielded misleading results. It is ex-
tremely difficult to ensure that small volumes of liquid actually
reach the olfactory epithelium in unanaesthetized mice.® Using
quantities as small as 2 and 8 uL, it is entirely possible that the
authors of the previous study® treated only a portion of the ol-
factory epithelium or missed the epithelium altogether. Further-
more, the increased volume of zinc gluconate cannot be assumed
to fully account for the observed anosmia. Large volumes of other
intranasal medications have been shown not to cause olfactory
dysfunction.®

The volume used in the current study was determined by ref-
erencing a previously published table," which displayed volumes
administered in behavioral studies using nasal irrigation of zinc
sulfate to disrupt olfaction in mice. The 100-uL aliquot we chose
initially was a commonly used volume that was deemed large
enough to reasonably ensure contact with the olfactory epithe-
lium. However, when one mouse died during the first round of
the zinc gluconate treatment, the volume was reduced to 50 uL,
the next smallest volume listed in the aforementioned article."

When used as directed, the commercial product for humans
enters only the nostrils and does not get near the olfactory epithe-
lium. This situation may lead some to believe that nasal irrigation
is not an appropriate method for testing the toxicity of zinc glu-
conate. However, many patients who experienced anosmia after
use report sniffing the product in deeply.! In this way, these sub-
jects could have forced the solution onto the olfactory epithelium.
In addition, the gel form of the product is forcefully expelled from
a nasal pump. Those users who happen to have a ‘straight shot’
anatomically to the olfactory cleft could potentially squirt the
product directly onto the olfactory receptors.

Another difference between administration of the commercial
product and nasal irrigation is the fact that that the gel form re-
mains in the nasal cavity. The current study involved nasal irriga-
tion of an aqueous solution instead of application of a gel because
applying large amounts of gel into the nasal cavity likely would
make it difficult for the mice to breathe. Furthermore, the objec-
tive was merely contact with the olfactory epithelium; the adverse
reaction to zinc gluconate treatment reportedly is immediate,' so
there was no benefit to having the solution remain in the nasal
cavity of the mice in the current study.

The anosmia we observed was only temporary; the anosmic
mice clearly had regained olfactory function when they were
tested 1 mo after the first BFP test. However, the fact that anosmia
was transient does not negate the fact that the anosmia occurred.
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Figure 1. Mean food-finding times for the zinc gluconate control and
experimental groups. Trials 1, 2, and 3 were performed the morning be-
fore treatment. Trial 4 was performed 30 min after treatment, and trials
5 and 6 occurred 48 and 96 h after trial 1, respectively. All data points
represent mean = SEM.
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Figure 2. Mean food-finding times for the copper gluconate control and
experimental groups. Trials 1, 2 and 3 were performed the morning be-
fore treatment. Trial 4 was performed 30 min after treatment, and trials
5 and 6 occurred 48 and 144 h after trial 1, respectively. All data points
represent mean = SEM.

Sensory loss of any duration is detrimental to the health of an
organism.

At first glance, some readers may perceive substantial variabili-
ty in the mean food-finding times of the control groups displayed
in the figures. Handling-associated stress was the most likely
cause of the increases control food-finding times, along with the
fact that simply expelling liquid into the nasal cavity may cause
slight sensory loss. However, the increases in food-finding times
of the zinc and copper experimental groups were significantly
higher than those observed in their corresponding control groups.
In addition, the statistical analysis showed no significant effect
of trial on food-finding time, and no significant interaction be-
tween the effects of treatment and trial. Furthermore, a one-way
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Figure 3. Mean food-finding times for the magnesium gluconate control
and experimental groups. Trials 1, 2 and 3 were performed the morning
before treatment. Trial 4 was performed 30 min after treatment, and tri-
als 5 and 6 occurred 48 and 96 h after Trial 1, respectively. All data points
represent mean = SEM.

ANOVA comparing all 3 control groups found no statistically
significant difference between groups.

Even more important than the confirmation that zinc gluconate
can cause anosmia are the results revealing that other divalent
cationic compounds can produce a similar effect. Mice treated
with copper gluconate also experienced olfactory dysfunction,
suggesting that the zinc-induced anosmia phenomenon is not
isolated to zinc. Although another author observed that certain
other divalent cationic compounds were “moderately active” on
olfactory receptor cells,? ours is the first study in which such a
compound has been shown to negatively affect olfaction.

Our discovery that Cu** causes anosmia supports the theory
that divalent cations can block channels that facilitate the sense of
smell. However, magnesium gluconate did not produce anosmia
in any of the subjects. This result can probably be explained by
the small molecular mass of magnesium. The ions that have been
shown to cause anosmia or block cation channels on the olfac-
tory epithelium (zinc, barium, and copper) all have molecular
masses larger than that of calcium. These larger ions are more
likely to physically block Ca** channels than are magnesium ions,
which has a molecular mass considerably less than that of cal-
cium. Therefore, a reasonable conclusion is that divalent cations
larger than Ca** can negatively affect olfaction.

In conclusion, this study has demonstrated the harmful effects
of certain compounds on olfaction. Using a well-established test
of olfactory function, we found that mice irrigated intranasally
with zinc gluconate and copper gluconate became anosmic. Con-
sidering the importance of the sense of smell in both human sur-
vival and quality of life, further research must be performed to
discover how and why these divalent cationic compounds cause
olfactory dysfunction. Until the risks associated with these com-
pounds are fully understood, they may not be safe for use in the
nasal passage.
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