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Exposure to fluoroquinolone antibiotics is postulated as a risk factor for subsequent development of type
2 diabetes. It is hypothesized that fluoroquinolones induce an intracellular magnesium deficit that can
lead to insulin resistance. A temporal correlation is reported between the rate of outpatient prescription
of quinolones and the incidence of diabetes during the period 1980-2011 with a lag of approximately two
years (R? = 0.86, P < 10~%). The increase in incidence of diabetes after 1990 and the recent decrease in the
number of new cases are both reflected in the fluoroquinolone prescription rates. A geographical
correlation is reported (adj. R? = 0.7, P<0.0001) between rates of increase in prevalence of diabetes in
each U.S. state and a model using only local rates of outpatient fluoroquinolone prescription, local rates
of increase in the prevalence of obesity, and local rates of population growth as predictor variables.
Prescription rates of non-quinolone antibiotics correlated less well with the local rates of increase in
prevalence of diabetes. The data are consistent with fluoroquinolone exposure predisposing an individual
to develop diabetes with a probability that strongly depends upon factors that also lead to an increase in
obesity. According to the hypothesis, much of the increase in the incidence of type 2 diabetes in the U.S.
from 1990 to the present can be attributed to fluoroquinolone exposure.

© 2014 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-SA license

(http://creativecommons.org/licenses/by-nc-sa/3.0/).

Type 2 diabetes mellitus was once considered a “Western
disease” but has now developed into a public health crisis of global
proportions [1]. In the United States the prevalence of type 2
diabetes has been climbing since about 1990 at such a rate that
the disease currently affects almost 8% of the population [2]. Much
has been written about the link between the rising rates of obesity
(defined as BMI > 30 kg/m?) and type 2 diabetes, but the preva-
lence of diabetes is increasing in the non-obese population as well.
The present article examines a possible risk factor in the develop-
ment of diabetes that has not previously received attention and
that may affect both the obese and the non-obese: the use of
fluoroquinolone antibiotics.

Since the publication of maps showing the rates of outpatient
prescription of antibiotics in each American state [3] there has
been speculation as to reasons for the apparent geographical corre-
lation between high rates of antibiotic prescription and an elevated
risk for illnesses such as cardiovascular disease, stroke, and diabe-
tes [4]. One possible explanation for the (possibly artifactual) con-
nection is that antibiotics deplete beneficial gut bacteria [5].
Another (possibly complementary) explanation is proposed here.
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Hypothesis

It is postulated that drugs that chelate multivalent metal ions
and can penetrate cell membranes induce an intracellular magne-
sium deficiency that increases the probability of development of
insulin resistance. This can lead (when accompanied by other risk
factors) to type 2 diabetes. Further, it is suggested that fluoroquin-
olone antibiotics pose a particularly high risk of such a chain of
events, and that they are responsible for much of the increase in
the prevalence of type 2 diabetes in the United States from 1990
to the present day.

Magnesium deficiency has been linked with type 2 diabetes in
numerous studies [6]. It has been suggested that low magnesium
intake may be a risk factor for development of diabetes [7] and
conversely that supplementation with magnesium may reduce
the risk of developing diabetes [8]. Magnesium deficiency has been
shown to exacerbate insulin resistance and compromise glucose
homeostasis in people already afflicted with type 2 diabetes [9].
The biochemical basis for the effect of intracellular magnesium
deficiency on the signaling pathways involved in insulin resistance
is not fully understood, but it is likely to involve suppression of
activity of enzymes requiring magnesium as a cofactor, such as
tyrosine kinase [10].

Further supporting the hypothesis, there are indications that
complications of diabetes such as retinopathy and hypertension
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may be worsened or even caused by magnesium deficiency [11].
Magnesium deficiency has been implicated in gestational diabetes
and its complications [12]. In addition to magnesium, other multi-
valent metal ions may affect biochemical processes involved in the
development of insulin resistance and thus of type 2 diabetes.
Increased levels of transition metals (including vanadium, chro-
mium, manganese, cobalt, molybdenum and nickel) have been
linked with improved hyperglycemia [13].

Fluoroquinolones are broad-spectrum antibiotics derived from
nalidixic acid that inhibit bacterial topoisomerases. Although very
effective therapeutically, fluoroquinolones have been linked with
serious side effects such as tendinopathy [14], peripheral neuropa-
thy [15], retinopathy [16], renal failure [17], hypertension [18], and
seizures [19]. These effects can be rationalized as resulting from a
drug-induced magnesium deficiency [20], and according to the
hypothesis it is not coincidental that they resemble the complica-
tions resulting from type 2 and gestational diabetes. There has,
moreover, been a history of dysglycemia associated with certain
fluoroquinolone antibiotics. Gatifloxacin was withdrawn from
clinical use after reports of drug-induced hyperglycemia [21] and
other fluoroquinolones have been reported to interfere with
glucose homeostasis [22].

The precise mechanism by which fluoroquinolones might
induce intracellular magnesium deficiency is unclear. It may
involve the metal-chelating properties of the 3-carboxyquinolone
substructure that is common to all fluoroquinolone antibiotics
[23] and the fact that the 6-fluoro substituent on the pharmaco-
phore gives rise to sufficient lipophilicity that the drugs can
dissolve in and penetrate cell membranes [24]. It has been
suggested that intracellular fluoroquinolones may exist almost
exclusively as the magnesium complex [23]. Diffusion or active
transport of such a complex into the extracellular environment
would lead to depletion of intracellular magnesium - a process
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that may be stoichiometric or catalytic and would be only very
slowly reversible, if at all [25]. Thus, the effects of fluoroquinolones
on intracellular magnesium levels might be considered to be
almost cumulative (and it is noteworthy that the side-effects of
fluoroquinolone therapy may manifest or persist many months
after treatment) [15]. Alternatively, it is perhaps possible that
fluoroquinolones could affect magnesium metabolism by disruption
of renal reaborption of this electrolyte.

It might be objected that a typical course of fluoroquinolone
antibiotics is quite short (on the order of a few days), and that
the half-life of the drugs in the human body is only a few hours.
The amount ingested, however, is large. A typical human body
contains about 1 mol of magnesium, of which about half is located
in bone and about 1% in extracellular fluid. A daily dose of 1 g of
ciprofloxacin (molecular weight 331.3) is about 3 mmol. During a
10-day course, a patient will ingest an amount of the drug equiva-
lent to 3% of total body magnesium, 6% of magnesium not located
in bone, or 300% of magnesium located in extracellular fluid.

Evaluation of the hypothesis

The incidence of diabetes per 1000 in the non-institutionalized
U.S. population aged 18-79 during the period 1980-2011 [26] is
shown in Fig. 1(A). Five distinct periods, I-V, may be distinguished.
During period I (1980-1991) diabetes incidence was fairly stable
at about 3.5/1000. It rose during period Il (1991-1994) to about
4.5/1000 and remained at about this level during period III
(1994-1997). During period IV (1997-2009) diabetes incidence
rose dramatically to a peak of almost 9/1000 after which, during
period V (2009-present), it began to decline.

Fig. 1(B) shows estimated rates of outpatient prescriptions of
fluoroquinolone antibiotics during 1980-2010 [3,27,28]. The data
from Ref. [28] underestimate fluoroquinolone prescriptions rela-
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Fig. 1. (A) Incidence of diabetes in the non-institutionalized U. S. population aged 18-79. (B) U.S. national outpatient prescription rates of fluoroquinolone antibiotics from
Refs. [3] and [27] (squares) and [28] (diamonds). (C) Correlation between incidence of diabetes in a given year and outpatient fluoroquinolone prescription rate 2 years
previously. (D) Prevalence of diabetes in the whole U.S. population plotted with prevalence of obesity.
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tive to data from Ref. [3] for the 4 years in which the two sources
overlap (1999-2002) by a factor of about 1.5. Notwithstanding this
discrepancy, it is still possible to distinguish the same five periods
noted above for the incidence of diabetes in the fluoroquinolone
prescription data, the fluoroquinolone data leading the diabetes
data by about 2 years. Prior to 1986 there were no FDA-approved
fluoroquinolones available in the U.S. (period I). Beginning with
norfloxacin (approved in 1986), followed by ciprofloxacin (1987)
and ofloxacin (1990), among others, a first generation of fluoro-
quinolones was introduced (period II), prescriptions of which
reached an approximately steady state by the early 1990s (period
[II). Starting with the approval of levofloxacin (1996), a second gen-
eration of fluoroquinolones was introduced, the other notable drug
being moxifloxacin (1999). A period of growth in fluoroquinolone
prescriptions ensued (period IV), culminating in 2007 when
levofloxacin became the most-prescribed of all fluoroquinolones.
Following the imposition of a “black box” warning by the FDA on
the drug class in 2008, however, prescriptions of fluoroquinolones
began to decline (period V).

Fig. 1(C) shows the correlation between diabetes incidence in a
given year with the outpatient fluoroquinolone prescription rate
(uncorrected for the offset between data sources for fluoroquino-
lone prescription rates noted above) 2 years previously (R? = 0.86,
P<107°). The correlation is even better when data from the two
sources are normalized (R?=0.93, P<107°). The probability of
developing diabetes following a fluoroquinolone prescription is
thus estimated at about 3.5 percent.

Attempting to make causal inferences from ecological data is of
course fraught with difficulty. Other factors that have been impli-
cated in the increase in the incidence of diabetes have also
increased during the period 1980-2010: for example, obesity and
factors that may lead to an increase in obesity, such as changes
in diet or increasing physical inactivity. There have also been other
drug classes introduced during this period, notably proton pump
inhibitors (which may cause magnesium deficiency) and SSRIs.
However, such factors, if posited as alternatives to the fluoroquin-
olones, must explain not only the increase in the incidence of dia-
betes but also the detailed form that the increase actually took, as
well as the recent decrease in the number of new cases. SSRI
prescriptions declined in 2004-5, [29] long before the decrease
in incidence of diabetes, while proton pump inhibitors are not
known to cause problems with glucose metabolism (indeed, their
use has been suggested as a treatment for diabetes) [30].

The evolution of the prevalence of diabetes in the entire U.S.
population from years 1958 to 2010 is shown in Fig. 1(D), [2]
together with the parallel evolution of obesity [31]. The prevalence
of obesity begins to accelerate in about 1980 (i.e., preceding the
change in the prevalence of diabetes by about 10-12 years) but
shows a less rapid acceleration than that in the prevalence of dia-
betes. The prevalence of obesity increased by a factor of only about
2.2 between 1980 and 2010, whereas the prevalence of diabetes
increased by a significantly larger factor (about 2.8 between 1990
and 2010). Thus it seems unlikely that obesity alone can explain
the increase in prevalence of diabetes after 1990, although, as

discussed in detail below, factors leading to an increase in obesity
are certainly involved in the phenomenon.

The hypothesis that fluoroquinolone use may lead to type 2 dia-
betes was explored further by examining correlations between
local rates of increase in the prevalence of diabetes and obesity
together with local rates of prescription of antibiotics in different
states in the USA. Data for the prevalence of obesity and diabetes
were obtained from the BRFSS survey of American states [32] in
which prevalence of obesity and diabetes, and the proportion of
diabetics who are obese (among much other data) have been
recorded for the population over the age of 18 for the years
1994-present. The incidence data for diabetes are unfortunately
sparser and more noisy than the prevalence data when considered
state-by-state, and are available only from 1996 to 2010. Therefore
it was not possible at the state level to perform the type of simple
linear regression with fluoroquinolone outpatient prescription
rates described above for national US data.

From the BRFSS data the rates of increase in prevalence of dia-
betes and obesity were obtained for each state i, giving excellent
linear fits (R? 0.86 and 0.95, respectively, averaged across all 50
states). These rates were considered together with data from the
CDDEP survey [3] in which outpatient prescription rates of each
class of antibiotic were reported for each state for the period
1999-2010.

A simple model was used to justify the use of diabetes preva-
lence data, rather than incidence data, for each state. The difference
between prevalence of diabetes in year y and year y — 1 (AD) was
assumed to be related to the incidence of diabetes in that year, d(y),
the mortality rate of diabetics in that year, m(y), and the preva-
lence of diabetes in the previous year, D(y — 1), as follows:

AD =D(y) - D(y - 1)

_Dy-1)P(y-1) +dy)P(y) —-my)Py) .
- PO) bv=1
AP

Py) D(y —1) +d(y) - m(y) (1)
where P(y) is the population in year y and AP=P(y)—P(y — 1).
Thus, a correlation was sought between the rate of increase of prev-
alence of diabetes in each state i (D), the population growth rate in
that state (P/), the relative diabetic mortality rate in that state m;,
estimated by dividing the mortality rate from diabetes in 2010
[33] by the prevalence of diabetes in 2010 in that state, [34] and
the risk factors considered here for the incidence of diabetes in that
state, namely: (a) the average rate of outpatient fluoroquinolone
prescription and (b) measures related to the prevalence of obesity:
the average prevalence of obesity (0O;) and the rate of increase in the
prevalence of obesity from 1994 to 2010 (0;).

Table 1 shows the correlations (Pearson r, correlations with
P> 0.05 are shown as zero) between (a) the local rate of increase
in prevalence of diabetes (D/) and outpatient prescription rates
of different classes of antibiotic in each state in the period 1999-
2008, [35] (b) outpatient prescription rates of each class of antibi-
otic with each other, and (c) the local rate of increase in prevalence

Table 1
Cross-correlations between D/, O/, and prescription rates of various classes of antibiotics in 50 U.S. states (excluding District of Columbia).
D{ Quinolones Cephalosporins Macrolides Other Penicillins o/

Quinolones 0.65 0.50
Cephalosporins 0.63 0.73 0.67
Macrolides 0.60 0.87 0.82 0.59
Other 043 0.52 0.72 0.53 0.44
Penicillins 0.40 0.80 0.63 0.80 0.49 0.36
Tetracyclines 0 0 0.39 0.40 0.35 0.53 0
All non-Quinolones 0.57 0.58

o/ 0.77
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Table 2
Correlations between D; and various measures of the prevalence of obesity in 50 U.S.
states (excluding the District of Columbia).

Table 3
F-ratios for multiple linear regression with D/ as the response variable and 0y, Q/, and
A/ as predictor variables.

Pearson r o/ Q; A;
O; (averaged 1994-2010) 0.69 Cephalosporins 29.7 9.2 0.092
0; (averaged 1994-1997) 0.44 Macrolides 39.7 10.0 1.7
O; (averaged 1998-2001) 0.60 All non-quinolones 425 13.0 2.9
0; (averaged 2002-2005) 0.66
0; (averaged 2005-2010) 0.72
o/ 0.77

of obesity (0/) and outpatient prescription rates of different classes
of antibiotic.

A slightly better correlation is obtained between D; and average
outpatient prescription rates for quinolones in years 1999-2008
than for any other class of antibiotic; however, examination of
the cross-correlations reveals that there appear to be two signifi-
cant, independent predictor variables: the outpatient prescription
rates of quinolones and the rate of increase in prevalence of
obesity, as discussed in more detail below.

Table 2 shows the correlation between D/ and the two
measures of obesity described above (in all cases, P < 0.01). A better
correlation is obtained between D; and the rate of change in the
prevalence of obesity than between D/ and the prevalence of
obesity itself averaged over the complete period of 1994-2010.
The correlation between D/ and the prevalence of obesity increases
with the time at which the prevalence of obesity is measured, also
suggesting that the risk factor in developing diabetes is not obesity
per se, but rather a factor that leads to an increase in obesity,
examples being the per capita intake of food, nutritional content
of food, physical inactivity, etc.

Fig. 2 shows the correlations between D/ and O/ and between
D/ and Q; (the local average rate of outpatient prescription of
quinolones 1999-2008). The regression line of D; versus Q; goes
through the origin; i.e, the rate of increase in prevalence of
diabetes in this fit is zero when the rate of outpatient prescription
of fluoroquinolones is zero.

Multiple linear regression using a standard least-squares
protocol was performed with D/ as the response variable and three
predictor variables: Oy, Q;, and the local rate of outpatient prescrip-
tion of a second, non-quinolone antibiotic (A;). ANOVA F-ratios
are shown in Table 3 for various choices of the second antibiotic
(residuals exhibited a normal distribution). The simplest model
that fits the D/ data is therefore shown to require only the rate
of outpatient prescription of fluoroquinolones and the rate of
increase in the prevalence of obesity as predictor variables.

Fig. 3(B) shows the results of a least-squares regression of
D; versus O{, Q; and the local population growth rate P/ [36]. No sta-

Rate of increase of diabetes in ages 18
and above vs rate of change in
prevalence of obesity
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tistically significant correlation was found with m; calculated as
described above. The model has adjusted R? of 0.70 (P < 0.0001).
Fig. 3(A, C-E) shows the geographical distribution of D/, O/, Q;
and that of the fit. The details of the model are shown in Table 4.

In this geographical analysis the possibility of reverse causation
must be considered: i.e., fluoroquinolone prescriptions may be
more common in diabetics than in the general population. There
are two reasons to doubt this in the present context: firstly,
the average diabetic population across the 50 states is fairly low
(6.4%) with a standard deviation of 1%, while the standard deviation
of outpatient fluoroquinolone prescription rates is about 12%. It is
unlikely that a 1% variation in the diabetic population could induce
a 12% change in prescription rates. Secondly, the observed correla-
tion is not with the prevalence of diabetes but with the rate of
change of that prevalence.

The picture that is suggested by the two analyses presented
above is that the incidence of type 2 diabetes would not have risen
in the period 1990-2010 had the fluoroquinolones not been intro-
duced, but that factors leading to an increase in obesity greatly
influence the probability of developing type 2 diabetes following
exposure to a fluoroquinolone. This was examined further by con-
sideration of the local rates of increase in prevalence of non-obese
diabetics (NDy). This could be done using data in the BRFSS survey
reporting the proportion of diabetics who are obese for the period
1995-present (although since the population is not static there
will be some errors in this approach). The geographical distribution
of the rate of increase in prevalence of non-obese diabetics in all 50
states is shown in Fig. 4(A). It is evident that a large swath in the
mid-West, corresponding to the Great Lakes region and the flood
plains of the Missouri and Mississippi rivers, displays low or zero
increases in nonobese diabetes. There are also relatively low levels
in the “four-corners” states with the exception of Arizona and in
northern New England.

Since it is hypothesized that that fluoroquinolone-mediated
magnesium depletion might account for the increase in diabetes,
correlations between ND; and local mineral concentrations in sur-
face water and soil were examined (this data is available for certain
elements at a county level from the National Geochemical Survey
[37]; state data were obtained from within-state population-aver-
aged county-level data). Significant correlations were obtained

Rate of increase of diabetes in ages
18 and above vs quinolone Rx
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Fig. 2. Correlation between the rate of increase of the prevalence of diabetes in ages 18+ in each state with (A) the rate of increase in obesity and (B) the rate of outpatient

prescription of fluoroquinolone antibiotics.
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diabetes as described in Table 4.

Table 4
Details of fit for multiple linear regression with D/ as the response variable and 0y, Q/,
and P/ as predictor variables.

zinc, copper, titanium, phosphorus, iron and manganese (all
P>0.2).

A standard least-squares multiple linear regression analysis was

Mean () Model Std. error ¢ Ratio  F ratio performed with ND; as the response variable and O/, Q; and P/ as
coefficient predictor variables, giving an adjusted R? of 0.42 (P < 0.0001). The
Intercept —0.166 0.042 —-3.97 results of the model are shown in Table 5 and in Fig. 4(D).
O/ (%]year) 0.85(0.065) 0335 0.055 6.05  36.54 Because of the correlation with magnesium concentrations in
Qi (R,/1000/year) 104 (13) 0.00123 000029 433  18.72 :
P/ (/year/10) 0098 (0036) 0213 0.089 538 560 surface water and soil noted above, the local water hardness [38]

only with magnesium (r=-0.32; P=0.03) and marginally with
selenium (r=-0.27; P=0.06). Less significant correlations were
obtained with sodium (P=0.07), aluminum (P=0.14), calcium,

Non-obese model

was included in the model as an additional predictor variable. This
added marginally to the goodness of fit (adjusted R®> of 0.45,
P <0.0001) but the effect of water hardness was barely statistically
significant (probability > [t| = 0.052). The details of this fit are sum-
marized in Table 6.

Model with
4, Water hardness

) 'S
Rate of increase of diabetes in non- Rate of increase of diabetes in non-
obese population, ages 18 and above obese population, ages 18 and above
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Fig. 4. Geographical distribution of deviations from the mean of: (A) the rate of increase in the prevalence of non-obese diabetics; (B) modeled rate of increase in prevalence
of non-obese diabetics as summarized in Table 5; (C) modeled rate of increase in prevalence of non-obese diabetics including local water hardness as a predictor variable, as
summarized in Table 6 (excluding Alaska and Hawaii); (D, E) Actual versus modeled rates of increase in the prevalence of non-obese diabetics using models summarized in
Tables 5 and 6.
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Table 5
Details of fit for multiple linear regression with ND; as the response variable and 0y,
Q; and P/ as predictor variables.

Mean (o) Model Std. error t Ratio  F ratio
coefficient
Intercept —0.096 0.029 -3.37
O/ (%[year) 0.85 (0.065)  0.072 0.037 1.97 3.89
Q; (R,/1000/year) 104 (13) 0.00065 0.00019  3.46 11.95
P/ (%]year[10) 0.098 (0.036) 0.189 0.059 3.21 10.33

Table 6
Details of fit for multiple linear regression with D; as the response variable and 0y, Q;
and P/ as predictor variables.

Mean (o) Model Std. error t Ratio F ratio
coefficient

Intercept —0.085 0.028 —3.03

0/ (%/year) 0.85 (0.065)  0.087 0.036 2.41 5.81
Q; (R,/1000/year) 104 (13) 0.00054 0.00019 282  7.93
P/ (%|year/10) 0.098 (0.036) 0.196 0.057 345 1187
Water hardness 107 (35) —-0.000119 597-10°> -2.0 3.99

(ppm)
Discussion

The hypothesis that fluoroquinolones can cause type 2 diabetes
has been tested using two independent ecological correlations. The
fact that each measure supports the hypothesis reduces the uncer-
tainty inherent in ecological studies. Geographical correlations
were also noted between the local rate of increase in the preva-
lence of obesity and the local rate of increase in the prevalence
of diabetes, including in the non-obese. The latter result is consis-
tent with a factor other than obesity, but correlated with the rate of
change in obesity, being responsible for an increase in the proba-
bility of development of diabetes following fluoroquinolone expo-
sure. Finally, in the non-obese, there are indications that higher
environmental concentrations of magnesium (and, possibly, sele-
nium) may be protective against development of diabetes.

The results presented here, while suggestive, do not conclusively
prove a connection between the ingestion of fluoroquinolone antibi-
otics and the development of type 2 diabetes. Follow-up longitudi-
nal studies should be undertaken to examine the history of
individual diabetic patients for previous fluoroquinolone exposure.
In addition, the possible connection between fluoroquinolones and
diabetes could be probed in a more direct, mechanistic way. The pro-
posed metal ion chelation mechanism could be tested by analysis of
urine of patients undergoing fluoroquinolone therapy.

If the fluoroquinolone/diabetes link is borne out by further
investigation, the implications are considerable. Diabetes might
conceivably be treated by far more aggressive magnesium supple-
mentation than has so far been attempted. Fluoroquinolones are
potent antibiotics but their use would ideally be restricted to the
treatment of serious infections. Fluoroquinolones could perhaps
be rendered safer by co-administration with metal salts (especially
magnesium salts) in doses timed so as not to limit the availability
of the drug.
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