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Abstract

Aims/hypothesis Hydroxychloroquine (HCQ), an antimalarial
drug with anti-inflammatory properties, is employed in rheu-
matic diseases. In observational studies, patients with theumat-
ic diseases treated with HCQ have a lower risk of developing
diabetes. However, the physiological mechanisms remain un-
explained. We hypothesised that HCQ may have favourable
effects on insulin sensitivity and/or beta cell function.
Methods This was a randomised, double-blind, parallel-arm
(placebo vs HCQ 400 mg/day) trial at the University of Pitts-
burgh. Randomisation was conducted by a computer system
with concealment by sealed envelopes. Treatment duration
was 13+1 weeks. Randomised participants (HCQ n=17; pla-
cebo n=15) were non-diabetic volunteers, age >18,
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overweight or obese, with one or more markers of insulin
resistance. All participants were included in intention-to-treat
analysis. Outcomes were changes in insulin sensitivity and
beta cell function measured by intravenous glucose tolerance
tests and minimal model analysis.

Results There was a positive change in insulin sensitivity with
HCQ but not placebo (mean+SEM: +20.0%+7.1% vs —18.4%
+7.9%, respectively; p<0.01; difference: 38.3%+10.6%; 95%
CIL: 17%, 60%). Improvement in beta cell function was also
observed with HCQ but not placebo (+45.4%+12.3% vs
—19.7%=+13.6%; p<0.01; difference: 65%=+19%; 95% CI:
27%, 103%). There were modest treatment effects on fasting
plasma glucose and HbA . (p<0.05) but circulating markers of
inflammation (IL-6, IL-1, TNF-«, soluble intercellular adhe-
sion molecule) were not affected in either group. In contrast,
adiponectin levels increased after HCQ treatment but not after
placebo (+18.7% vs +0.7%, respectively; p<0.001). Both low-
and high-molecular-weight adiponectin forms accounted for the
increase. There were no serious or unexpected adverse effects.
Conclusions/interpretation HCQ improves both beta cell
function and insulin sensitivity in non-diabetic individuals.
These metabolic effects may explain why HCQ treatment is
associated with a lower risk of type 2 diabetes. An additional
novel observation is that HCQ improves adiponectin levels,
possibly being a mediator of the favourable effects on glucose
metabolism. Our findings suggest that HCQ is a drug with
considerable metabolic effects that warrant further exploration
in disorders of glucose metabolism.

Trial registration Clinicaltrials.gov NCT01326533
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Abbreviations
AIR Acute insulin response

HCQ Hydroxychloroquine

HMW High-molecular-weight

LMW Low-molecular-weight

s-ICAM  Soluble intercellular adhesion molecule
Introduction

Prevention of type 2 diabetes mellitus remains an unmet med-
ical challenge. While type 2 diabetes can often be prevented or
delayed by lifestyle modifications that incorporate weight loss
and physical activity [1, 2], long-term adherence is challeng-
ing for the great majority of individuals. For this reason, there
is an interest in developing pharmacological options for dia-
betes prevention. Insulin sensitisers, such as metformin and
thiazolinidiones, have been shown to prevent or delay type 2
diabetes in large randomised clinical trials [1, 3, 4], establish-
ing proof of concept that type 2 diabetes prevention is not only
possible by pharmacological means but also worth pursuing.

Hydroxychloroquine (HCQ) is an antimalarial drug with
anti-inflammatory properties that is employed in the treatment
of autoimmune rheumatic diseases. An observational study of
over 5,000 patients with rheumatoid arthritis suggested that
HCQ may have reduced the risk of incident diabetes in those
patients [5]. A proportional decrease in the risk for diabetes
was seen with progressive duration of HCQ use; those on
HCQ for >4 years showed a 77% reduction in risk. Other
observational studies have also suggested reductions in diabe-
tes incidence in association with HCQ treatment in patients
with rheumatic diseases [6, 7]. Findings from these reports are
consistent with the possibility that HCQ prevents type 2 dia-
betes, at least in patients with rheumatic diseases. Because of
the observational nature of those studies, causality cannot be
conclusively inferred from those studies alone. However, oth-
er lines of evidence suggest that HCQ has direct antidiabetes
properties. Chloroquine, the parent compound from which
HCQ originates, has been shown to have an insulin-sparing
effect in type 2 diabetes [8, 9] and improve glucose tolerance
in non-insulin-dependent diabetes [10]. The impact of HCQ
on hyperglycaemia in type 2 diabetes was tested in two older
randomised trials, and glucose-lowering properties were
found [11, 12]. However, the mechanisms by which HCQ
may affect blood glucose and reduce the risk for type 2 dia-
betes have not been established.

Insulin sensitivity and beta cell function are key determi-
nants of normal glucose homeostasis and we hypothesised that
either one or both of these variables may be affected by HCQ.
If confirmed, further exploration of HCQ as a drug of potential
value in disorders of glucose metabolism would be warranted.
Importantly, HCQ would be an appealing option because it is

generic, inexpensive, easy to administer and its safety profile
has been known for decades.

To examine the mechanisms of HCQ’s action on glucose
metabolism, we conducted a randomised clinical trial of
13 weeks of treatment with HCQ vs placebo in non-diabetic
adults. The trial was primarily oriented as a mechanistic study.
Glucose metabolism was studied in detail by intravenous glu-
cose tolerance tests with minimal model analysis to examine
whether HCQ improves insulin sensitivity, beta cell function
or both. In addition, we also tested whether the effect of HCQ
is mediated by a change in systemic inflammatory activity and
adiponectin levels.

Methods

Research participants All participants provided informed
consent. Protocols were approved by the University of
Pittsburgh’s institutional review board. The research was con-
ducted at the University of Pittsburgh’s Endocrinology and
Metabolism Research Center and the Clinical Translation Re-
search Center. All participants had a screening medical history
and physical examination. Inclusion criteria were age
>18 years, BMI>25 kg/m? (but otherwise healthy) and one
or more risk factors for insulin resistance: fasting glucose
5.51-6.88 mmol/l (100-125 mg/dl); fasting insulin
>48.6 pmol/l (>7 wU/ml); history of gestational diabetes or a
parent with type 2 diabetes. Exclusion criteria were as follows:
(1) diabetes mellitus, liver or kidney disease, myopathies, au-
toimmune disease, cancer, glucose-6-phosphate dehydroge-
nase deficiency and retinal disease; (2) pregnancy; (3) system-
ic corticosteroid use in the 6 months leading up to the study;
(4) bariatric surgery or weight instability (>3 kg change in the
previous 6 weeks); (5) metformin or drugs that affect glucose
metabolism; (6) haemoglobin <90 g%.

Study design and assessments This was a double-blind,
randomised trial comparing HCQ vs placebo in non-diabetic
individuals recruited between March 2011 and November
2012. Assuming an « of 0.05, an SD of 1.13 and a power of
0.80, a sample size of 15 participants per group was powered
to detect a difference in insulin sensitivity of 0.17x107*
pmol ' 1 min~". This magnitude can be considered clinically
relevant. For instance, in a study of obese individuals with
impaired glucose tolerance, insulin sensitivity improved by
0.12x10* pmol ' I min™" after weight loss achieved by diet
and exercise [13]. Participants were randomised to receive
either once-nightly placebo (n=15) or HCQ 400 mg by mouth
(n=17) after baseline metabolic testing. A pharmacist who
was independent of the study carried out the blinded assign-
ment and dispensing of treatment based on a randomisation
table achieved by computer-generated random numbers
(blocks of four) and sealed envelopes. Treatment assignment
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(1:1) was concealed from researchers and participants until
completion of study procedures. The treatment duration was
13+1 weeks. Adherence was determined by pill counting
(percentage taken from the total number of doses at study
completion). During the treatment phase, four participants in
the HCQ group were lost to follow-up: two lost contact; one
no longer wished to participate and one left the study because
of abdominal discomfort (Fig. 1).

IVGTTs Participants were admitted to the University of
Pittsburgh’s Clinical Translational Research Center for
baseline and post-treatment metabolic assessments, con-
ducted in the morning after an overnight fast of 810 h.
They were instructed to abstain from alcohol and exercise
in the 48 h preceding these assessments. Body weight, fat
mass and lean mass were measured on a bioimpedance
scale (Tanita TBF-300A, Tanita, Arlington Heights, IL,
USA). Metabolic assessments consisted of fasting blood
collection, followed by an IVGTT to measure insulin sen-
sitivity, insulin secretion, and beta cell function by the
minimal model [14, 15]. Two peripheral i.v. access lines
were established on separate arms; 20—30 min later, base-
line samples were drawn. At 7=0 min, dextrose 50%
wt/vol. (0.3 g/kg by i.v. bolus) was given over 3060 s,
followed by a bolus of insulin at 7=20 min (Humulin-R
20 mU kg ™' [5 min]™ ") (Eli Lilly, Indianapolis, IN, USA).
Samples were drawn for glucose and insulin measure-
ments at 7=-10, =5, 0, 2, 3, 4, 5, 6, &, 10, 12, 14, 16,
19, 22, 23, 24, 25, 27, 30, 40, 50, 60, 70, 80, 90, 100,

‘ n=185 contacted ‘

n=140 unable or
unwilling to participate

n=45 provided informed
consent and were screened

n=12 did not meet
entry criteria

n=33 met entry criteria

n=1 removed due to
lack of i.v. access

n=32 successfully completed
baseline visit (IVGTT)

| }

n=15 randomised to n=17 randomised to
placebo HCQ

n=2 lost contact

n=1 no longer wished to participate
n=1 left due to abdominal
discomfort

13 weeks of
treatment

n=15 completed post-
treatment assessment

n=13 completed post-
treatment assessment

Fig. 1 Study recruitment and participation flow diagram
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120, 140, 160 and 180 min. The acute insulin response
(AIR) was calculated as the integrated AUC above base-
line during the first 10 min following exogenous dextrose
administration. Minimal model analysis was employed to
calculate insulin sensitivity and the disposition index,
which reflects beta cell function (i.e. the ability of beta
cells to regulate insulin secretion appropriate to the level
of insulin resistance) [14, 15]. The fasting molar ratio of
C-peptide to insulin concentrations (pmol/pmol) was cal-
culated as a surrogate marker of insulin clearance [16]. In
steady-state equilibrium conditions, this ratio estimates
insulin clearance based on the assumption that insulin
and C-peptide are co-secreted in equimolar proportions
and that C-peptide is not subjected to first-pass hepatic
metabolism [16].

Biochemical analyses Insulin was measured by a two-site
chemiluminescent immunometric assay. ELISAs were
employed for measurements of total and high-molecular-
weight (HMW) adiponectin (ALPCO Diagnostics, Salem,
NH, USA). Low-molecular-weight (LMW) adiponectin was
calculated as the difference between the two. ELISA kits were
employed for IL-6, IL-13, TNF-« and soluble intercellular
adhesion molecule-1 (s-ICAM-1) (R&D Systems, Minneapo-
lis, MN, USA).

Statistical analyses The Fisher’s exact test, two-sample ¢ test
or the Wilcoxon two-sample test was used, as appropriate, to
compare characteristics between groups at baseline. The pri-
mary and secondary outcome was the change in insulin sen-
sitivity and beta cell function, respectively. Treatment group
differences were examined by ANCOVA with treatment as the
fixed effect and baseline value as a covariate. Within-group
changes after 13 weeks were examined by two-tailed paired ¢
test. The primary analysis was conducted on the intention-to-
treat population with last observation carried forward (LOCF)
by imputing the baseline value as the last observation. Sec-
ondary analyses were also conducted with two distinct ap-
proaches to test different assumption scenarios. First, repeated
measures analyses using linear mixed models were used to
separately estimate differences in mean change in insulin sen-
sitivity, glucose effectiveness, acute insulin sensitivity, beta
cell function, glucose, and HbA | between the two arms. This
approach used all available participant data to calculate max-
imum likelihood estimates for mean change in the variables
listed above and accounted for repeated observations. Second,
sensitivity analysis was conducted by imputing changes for
participants in the HCQ group without 13 week data using the
mean change observed in the placebo group. Normality of
distribution was examined and confirmed by using qq and
pp plots. All tests were two-sided and assessed for signifi-
cance if p<0.05. Results are expressed as means£SD unless
shown otherwise.
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Results

Baseline characteristics of participants At baseline, the
HCQ and placebo groups had similar race distribution, sex,
age, BMI and percentage of body fat (Table 1). Most partici-
pants had a parental history of type 2 diabetes (placebo 87%
vs HCQ 82%, p=0.75) and hyperinsulinaemia was similar in
both groups. Fasting glucose, HbA ., fasting NEFA and blood
pressure were also similar between groups.

Effects of HCQ on glucose metabolism The number of study
treatment days was similar in both groups: 94+9 days in the
placebo group vs 92+3 days in the HCQ group (p=0.98).
Adherence to treatment, as determined by pill counting, was
high in the placebo group (mean 99%, range 80%—100%) as
well as in the HCQ group (mean 99%, range 98%—100%).
Participants were weight stable as changes in weight were
minimal in both groups (placebo A=+1.3+0.6 kg vs HCQ
A=0.0£0.5 kg, p=0.11).

The effects of HCQ on several variables of glucose metab-
olism derived from the IVGTT are shown in Table 2. The
insulin sensitivity index was significantly improved in the
HCQ treatment group but not in the placebo group, which
experienced a decline (p<0.01). In secondary analyses,
within-group testing confirmed that the HCQ group experi-
enced a significant improvement in insulin sensitivity over
13 weeks (p=0.03). Glucose-dependent glucose disposal
(Sg) (i.e. disposal that is independent of insulin) was also
examined. There was no statistically significant difference
between groups (Table 2). The AIR to glucose, which reflects

Table 1  Baseline characteristics of participants
Characteristic Placebo HCQ p value
(n=15) (n=17)

Race 0.780

White 13 (87) 12 (71)

Black 1(7) 5(29)

Other 1(7) 0
Female sex 9 (60) 15 (88) 0.360
Age (years) 449+16.8 50.1+£14.5 0.359
Family history of diabetes 13 (87) 14 (82) 0.747
BMI (kg/m?) 359462  34.1+72 0450
Body fat (%) 39.5£8.7  43.5+8.7  0.197
Fasting glucose (mmol/l) 5.2+0.5 5.5+£0.8 0.204
HbA, . (%) 5.65+041 5.72+0.35 0.604
HbA, . (mmol/mol) 3845 39+4 0.604
Fasting insulin (pmol/I) 61.1+61.1 66.7£37.5 0.772
Fasting NEFA (pmol/l) 509+150  538+132  0.588
Systolic blood pressure (mmHg) ~ 127+20 127+14 0.978
Diastolic blood pressure (mmHg)  73+9 72+13 0.848

Values are expressed as means=SD or as n (%)

the absolute mass of insulin secreted, increased after 13 weeks
but the difference between groups was not significant
(p=0.49). However, beta cell function measured by the dispo-
sition index was improved by HCQ (placebo —19.7%+13.6%;
HCQ+45.4+12.3%; p=0.002).

The effects of HCQ on simple markers of glucose metab-
olism are shown in Table 3. HCQ treatment was associated
with a small but favourable effect on fasting plasma glucose
concentration (p=0.04) and HbA . (»p=0.03). There was no
effect on fasting insulin and free-fatty acid levels. The C-pep-
tide/insulin molar ratio, an estimate of insulin clearance, was
similar in both groups at baseline (placebo 31.4+17.1 vs HCQ
29.2+20.3, p=0.76). After 13 weeks, no treatment effect was
observed (placebo —5.5+3.3 vs HCQ —4.8+3.6, p=0.88). In
agreement with this observation, IVGTT plots revealed that
the profile of insulin concentration decay after exogenous in-
sulin administration was virtually identical before and after
HCQ treatment, suggestive of no change in insulin clearance
(Fig. 2).

To examine the potential impact of dropouts on metabolic
outcomes, two additional analyses were conducted. In mixed-
model analysis using all available data, the effect of HCQ was
confirmed for insulin sensitivity (p=0.008), disposition index
(»=0.009) and fasting glucose (p=0.02). In sensitivity analy-
ses that imputed changes for the four HCQ participants with-
out 13 week data using the mean change observed in the
placebo group, statistically significant results were confirmed
for insulin sensitivity (p=0.005) and the disposition index
(p=0.03).

Effects of HCQ on circulating biomarkers of inflammation
and adiponectin Markers of inflammation were minimally
affected after 13 weeks and differences between the placebo
and HCQ groups were not significant (electronic supplemen-
tary material [ESM] Fig. 1). No significant changes were ob-
served in circulating concentrations of proinflammatory cyto-
kines (IL-1f3, IL-6 and TNF-x) or s-ICAM-1 in either the
placebo- or the HCQ-treated group. In sharp contrast,
adiponectin was significantly increased by HCQ (Fig. 3a).
Both HMW and LMW subfractions contributed to the im-
provement in adiponectin levels (Fig. 3b, c).

Discussion

Three observational studies showed that patients with au-
toimmune inflammatory arthritis treated with HCQ have a
lower risk of developing diabetes [5—7]. In addition, two
clinical trials reported that treatment with HCQ in high
doses (600 mg/day) lowers HbA . in individuals with type
2 diabetes and without autoimmune conditions [11, 12].
These observations suggest that HCQ has beneficial effects
on glucose metabolism. Yet, to date, the underlying
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Table 2 Changes in insulin sen-

sitivity, glucose effectiveness,
acute insulin secretion and beta
cell function (disposition index)

Table 3 Changes in blood
chemistry

@ Springer

Variable Placebo HCQ p value Difference 95% CI
(n=15) (n=17% (HCQvs (HCQwvs
placebo)  placebo)
S; (10~* pmol™ 1 min™")
Baseline 0.58+0.42 0.52+0.27 0.60
Change from baseline —0.11£0.04"  0.08+0.03°  0.001 0.19+0.04 (0.09, 0.29)
% Change from baseline ~ —18.4+7.9" 20.0+7.1" 0.001 38.3+10.6 (16.6, 60.1)
Sg (min ™)
Baseline 0.015+0.006  0.017+£0.006  0.58
Change from baseline 0.000+0.001  0.004+0.001  0.06 0.004+0.002  (0.000, 0.008)
% Change from baseline ~ 29.5+40.0 81.1+£37.1 0.36 51.6£55.5 (—62.1, 165)
AIR (pmol/1 x10 min)
Baseline 2,93842,347  3,632+3,945  0.56
Change from baseline 382+236 83+215 0.35 —299+319 (-361, 958)
% Change from baseline ~ 9.7+14.7 23.7+13.4 0.49 14.0+20.0 (-26.9, 54.9)
Disposition index
Baseline 1,214£691 1,721£2,014  0.36
Change from baseline -218+158" 35241437 0.013 570+214 (131, 1,009)
% Change from baseline  —19.7+13.6°  454+123"  0.002 65.1+18.5 (27.2,103)

Baseline values are expressed as mean+SD. Changes from baseline are expressed as mean+SEM (ANCOVA)

 Analyses were carried out for 17 participants with imputed values for the missing (n=4) subjects using last

observation carried forward

* p<0.05 within group (baseline vs 13 weeks)

 p=0.05 within group (baseline vs 13 weeks)

Sy, insulin sensitivity; Sg, glucose effectiveness

Variable Placebo HCQ p value Difference 95% CI
(n=15) (n=17) (HCQ vs (HCQ vs
placebo) placebo)

Fasting glucose (mmol/l)

Baseline 5.16+0.49 5.47+0.79 0.20

Change from baseline +0.07+0.09 —0.22+0.10 0.04 —0.30+0.14 (—0.58,-0.02)
Fasting HbA,. (%)

Baseline 5.65+0.41 5.72+0.35 0.60

Change from baseline +0.14+0.04 +0.03+0.03 0.03 —0.11+0.05 (-0.21,-0.03)
Fasting insulin (pmol/l)

Baseline 61.1+£61.0 66.7+37.5 0.77

Change from baseline +7.0+£7.0 +16.0+£7.0 0.34 9.0+£9.7 (-9.8, 28.5)
Fasting NEFA (umol/l)

Baseline 509+150 538+132 0.59

Change from baseline —31+32 —74+35 0.38 —43+48 (—141,5.5)
Fasting C-peptide (nmol/l)

Baseline 1.3240.67 1.27+0.48 0.82

Change from baseline +0.01+0.08 +0.18+0.09 0.16 0.17+0.12 (=0.08, 0.42)
C-peptide/insulin molar ratio (pmol/pmol)

Baseline 31.4+17.1 29.2+20.3 0.76

Change from baseline —5.543.3 —4.8£3.6 0.88 0.8+£4.9 (-9.4,10.9)

Baseline values are expressed as means+SD. Changes from baseline are expressed as means+SE adjusted for

baseline (ANCOVA)
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Fig. 2 (a, b) Plasma glucose a b
concentrations in placebo (a) and
HCQ (b) groups during IVGTTs. - —
(c, d) Plasma insulin é E
concentrations in placebo (c¢) and £ £
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mechanisms have not been elucidated. Here, we present the
results of a placebo-controlled, double-blinded study spe-
cifically designed to examine how HCQ affects glucose
homeostasis. In non-diabetic individuals, HCQ treatment
improved both insulin sensitivity and beta cell function.
This dual effect is noteworthy since both insulin resistance
and beta cell dysfunction are implicated in the progression
to type 2 diabetes. HCQ also had an effect on fasting glu-
cose concentration, indicating that the combined changes
in insulin sensitivity and beta cell function were biologi-
cally relevant.

The exact effect size on insulin sensitivity was difficult to
determine because the placebo group experienced an unex-
plained decline. However, if one considers only the change
within the HCQ group (20%+7.1%), the magnitude is still

Time (min)

clinically significant. For comparison, metformin has been
shown to improve hepatic insulin resistance in type 2 diabetes,
measured by endogenous glucose production rate, by as much
as 15% [17] and 26% [18].

Recently, two small studies examined the effect of short
courses of HCQ on indirect markers of insulin sensitivity
but found mixed results. An open-label, crossover study of
non-diabetic healthy individuals found that the Matsuda
index (a surrogate of insulin sensitivity) improved after
6 weeks of HCQ treatment [19]. In contrast, another study
with rheumatoid arthritis patients, also employing a cross-
over design, reported no improvement in the Matsuda in-
dex [20]. However, HCQ’s long half-life of 44-50 days
[21] can be problematic in crossover studies of short dura-
tion because of the high potential for carryover effects

a Cc
€ 154 ex € 154 € 154
> — > >
-2 c 2 c3
£5 121 £5 121 £3 121
Q9 c Qe o2
O = 2= Q= *
c o i Q 4 * [0} 4
8. % 0.9 g_ % 0.9 8— % 0.9 1
5 Q S o 5 0
S e 0.6 © e 0.6 © g 0.6+
=l 2 E
Cg 031 %é 0.3 Sg 034
= c =
g ol g ol g ol
(&) Placebo HCQ o Placebo HCQ 5} Placebo HCQ
5.5+2.8 5.5+2.0 2.5+2.0 2.5+1.1 3.0£1.0 3.1+1.0

Baseline (ug/ml)

Fig. 3 Effect of HCQ on plasma adiponectin. After 13 weeks of treat-
ment, HCQ increased the circulating concentrations of total adiponectin
(a), HMW adiponectin (b) and LMW adiponectin (¢). Changes are

Baseline (ug/ml)

Baseline (ug/ml)

mean=+SEM adjusted for baseline (ANCOVA). Baseline values before
treatment are expressed as mean+SD and were not statistically differ-
ent between groups. *p<0.05 and ***p<0.001 between groups
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during the washout phase. Also, the Matsuda index is a
surrogate measurement of insulin sensitivity and therefore
can miss metabolic changes only observed by more robust
methodology.

Drug-induced hypoglycaemia has been reported with
chloroquine and its molecular similarity to HCQ served
as a rationale for two older randomised trials to test HCQ
in type 2 diabetes [11, 12]. Both trials concluded that HCQ
improves hyperglycaemia, but the physiological mecha-
nisms have not been established. In one of those studies,
insulin sensitivity was measured by IVGTT in a small sub-
set of participants (n=9 HCQ, n=15 placebo), but no im-
provements were observed [11]. However, the study did
not employ a uniform IVGTT protocol, mixing different
protocols with different dextrose and insulin bolus doses,
thus precluding reliable conclusions about HCQ’s mecha-
nism of action. Data from experimental models [22] and a
case report [8] suggest that chloroquine, but not HCQ, may
decrease insulin clearance. However, our data suggests that
HCQ does not share this property with chloroquine since
estimated insulin clearance was not altered by HCQ
treatment.

The mechanism of action of HCQ at the molecular level
is not well understood, but HCQ is employed in rheumatic
diseases because it inhibits cytokine release [23]. Insulin
resistance has been linked to subclinical inflammation and
our initial hypothesis was that HCQ might change insulin
sensitivity by ameliorating inflammatory activity. Howev-
er, we found that circulating markers of inflammation were
not affected by HCQ. On the other hand, those markers
may be relatively insensitive for detecting tissue-level in-
flammation. Therefore, the possibility that HCQ’s mecha-
nism of action might involve inhibition of inflammation
cannot be entirely excluded on the basis of those findings
alone.

Adipose tissue inflammation has been linked to insulin
resistance and lower production of adiponectin. We found
that HCQ significantly increased levels of both HMW and
LMW adiponectin, suggesting the possibility of anti-
inflammatory effects in adipose tissue. The observation
that HCQ increases adiponectin concentrations is a novel
finding that, to our knowledge, has not been previously
described. Adiponectin has been postulated to have an
insulin-sensitising effect [24] and, therefore, a potential
mechanism by which HCQ might affect insulin sensitivity
would be modulation of adipose tissue inflammation and
adiponectin production. Less is known about the effect of
adiponectin on insulin secretion but adiponectin receptors
are found in beta cells [25] and upon activation enhance
glucose-stimulated insulin secretion [26, 27]. It is unclear
whether these actions are physiologically relevant. Further
research is thus warranted to establish how HCQ improves
insulin sensitivity and beta cell function.

@ Springer

Strengths of our study include the rigorous method used to
measure insulin sensitivity and a randomised, double-blinded,
placebo-controlled design. Another strength is that the im-
provement was observed with a dose of HCQ (400 mg/day)
that is typically considered safe for long-term clinical use and
is often employed in rheumatic diseases. This study also has
limitations. First, there were missing data due to dropouts.
However, when sensitivity analyses were employed to test
different assumptions, metabolic improvements remained sta-
tistically significant. Second, insulin sensitivity measured by
the minimal model combines hepatic and peripheral sensitiv-
ity. Studies using hyperinsulinaemic—euglycaemic clamps
would be important to confirm the findings observed here
and separate the relative contribution of hepatic vs peripheral
components. Finally, because non-diabetic individuals were
studied, the effects in type 2 diabetes must be inferred. Nev-
ertheless, our design provides reassurance that the results were
not an indirect consequence of reduced glucotoxicity, a poten-
tial confounder in studies involving hyperglycaemic
individuals.

Since HCQ has been employed in the treatment of rheu-
matic conditions, our findings are relevant to patients taking
this medication. For instance, changes in insulin sensitivity
and beta cell function should theoretically lead to a lower risk
oftype 2 diabetes. In those with established diabetes, initiation
of HCQ treatment should be accompanied by the awareness
that improved glucose metabolism and decreased requirement
for glucose-lowering drugs may occur. A notable characteris-
tic of HCQ is that its tolerability and safety profile are well
established. HCQ is generally well tolerated, inexpensive and
broadly available and therefore worthy of investigation in di-
abetes prevention and treatment. Trials specifically designed
for these purposes would be required, and our findings are
supportive of such efforts.

In summary, our findings demonstrate that HCQ improves
insulin sensitivity, beta cell function and adiponectin levels in
non-diabetic individuals. These effects likely explain the im-
proved glucose homeostasis that has been reported with HCQ
treatment and suggest that HCQ should be further studied in
disorders of glucose metabolism.
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