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Abstract
The plant hormone abscisic acid (ABA) is present and active in humans, regulating glucose

homeostasis. In normal glucose tolerant (NGT) human subjects, plasma ABA (ABAp) in-

creases 5-fold after an oral glucose load. The aim of this study was to assess the effect of

an oral glucose load on ABAp in type 2 diabetes (T2D) subjects. We chose two sub-groups

of patients who underwent an oral glucose load for diagnostic purposes: i) 9 treatment-

naive T2D subjects, and ii) 9 pregnant women with gestational diabetes (GDM), who under-

went the glucose load before and 8–12 weeks after childbirth. Each group was compared

with matched NGT controls. The increase of ABAp in response to glucose was found to be

abrogated in T2D patients compared to NGT controls. A similar result was observed in the

women with GDM compared to pregnant NGT controls; 8–12 weeks after childbirth, howev-

er, fasting ABAp and ABAp response to glucose were restored to normal in the GDM sub-

jects, along with glucose tolerance. We also retrospectively compared fasting ABAp before

and after bilio-pancreatic diversion (BPD) in obese, but not diabetic subjects, and in obese

T2D patients, in which BPD resulted in the resolution of diabetes. Compared to pre-BPD

values, basal ABAp significantly increased 1 month after BPD in T2D as well as in NGT sub-

jects, in parallel with a reduction of fasting plasma glucose. These results indicate an im-

paired hyperglycemia-induced ABAp increase in T2D and in GDM and suggest a beneficial

effect of elevated ABAp on glycemic control.
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Introduction
The phytohormone abscisic acid (ABA) lies at the interface between abiotic stress and metabolic
signaling in plants, regulating vital functions [1]. Interestingly, ABA was found to play a con-
served role as a “stress hormone” also in lower Metazoa, regulating animal responses to tempera-
ture and light [2, 3], and in mammals, regulating the activation of innate immune cells [4, 5] and
glucose homeostasis [6–8].

Mammalian pancreatic β-cells release ABA in response to glucose and ABA in turn potenti-
ates glucose-dependent and stimulates glucose-independent insulin secretion, suggesting the
existence of an autocrine/paracrine feed-forward loop [6]. ABA also stimulates GLUT4-medi-
ated glucose uptake by adipocytes and myoblasts [7]. Plasma concentration of ABA (ABAp) in-
creases in healthy subjects after an oral glucose load and ABAp is higher when glucose is
administered orally than intravenously [7], indicating a stimulatory effect of incretins on ABA
release, similar to the one on insulin. Indeed, glucagon-like peptide 1 (GLP-1) enhances ABA
secretion from glucose-stimulated pancreatic β-cells in vitro [7]. ABA role in glucose homeo-
stasis prompts the hypothesis that diabetes mellitus is associated with an impaired ABA re-
sponse. Pointedly, in the db/dbmouse model of obesity-induced type 2 diabetes (T2D),
supplementation of a high-fat diet with ABA results in improved glucose tolerance [8].

The aim of this study was to prospectively assess the effect of an oral glucose load on ABAp
in T2D subjects and in pregnant women with gestational diabetes (GDM), each group being
compared with appropriate normal glucose tolerant (NGT) controls. In addition, we retrospec-
tively compared fasting ABAp before and after bilio-pancreatic diversion (BPD) in obese, but
not diabetic subjects, and in obese T2D patients. In the latter group, BPD resulted in the resolu-
tion of diabetes, as generally occurs [9, 10], thus providing another “on-off”model of the dis-
ease, in addition to GDM, in which to investigate the behaviour of ABAp.

Methods

Study subjects and sampling procedures
The study of ABAp in T2D included a total of 50 subjects. Eleven of them had impaired fasting
glucose levels and underwent a standard oral glucose tolerance test (OGTT) for diagnostic pur-
poses after overnight fasting. Plasma samples were collected immediately before (time zero)
and 15, 30, 60, 90, and 120 minutes after ingestion of 75 g glucose. Two-ml plasma samples for
each time point were immediately frozen in the presence of 4 vol distilled methanol for subse-
quent ABAp measurement. Glucose, insulin, and ABAp were then measured in 9 out of the 11
subjects, who were diagnosed with T2D on the basis of the result of the OGTT. The same
OGTT and sampling procedure was applied to 7 healthy volunteers of comparable age and
body mass index (BMI), who served as controls. Fasting plasma glucose (FPG) and ABAp were
also measured in 12 treatment-naïve T2D patients and in 20 age-and BMI-matched healthy
volunteers. Therefore, fasting ABAp and FPG values were assessed in a total of 21 T2D patients
(9 undergoing an OGTT) and 27 controls (7 undergoing an OGTT). The diabetic patients did
not have any other acute or chronic disease, and followed an unrestricted diet, as the
normal subjects.

The study of ABAp in GDM included a total of 16 women. All underwent a standard
screening for gestational diabetes between the 24th and the 28th week of gestation and agreed to
repeat the test 8–12 weeks after childbirth. After overnight fasting, plasma samples for glucose
and ABAp and insulin determinations were collected immediately before (time zero) and 60
and 120 minutes after ingestion of 75 g of glucose. Out of the 16 women studied, 9 were diag-
nosed with GDM, based on the finding of plasma glucose values�180 mg/dL or�153 mg/dL
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1 or 2 hours after the glucose load, respectively [11]. None of the women reported a change in
her dietary habits after childbirth.

In the retrospective part of the study, ABAp was measured in frozen plasma samples from
20 severely obese patients who had undergone BPD within a clinical study and had their blood
withdrawn 1 week before and 1 month after surgery [12]. Nine subjects had T2D before BPD,
while the others had normal FPG levels and served as controls. FPG and insulin concentrations
had been determined at the time of sample collection.

The present study was approved by the Local Ethics Committee (IRCCS AOU SanMartino-
IST, Genoa, Italy) and was conducted according to the Declaration of Helsinki principles. Writ-
ten informed consent was given by every participant.

Measurements
All measurements were made in duplicate in the same batch. Plasma glucose concentration
was measured by an enzymatic method (Randox Laboratories, Crumlin, UK); plasma insulin
concentration was determined by a sandwich immunoradiometric assay (Immunotech, Prague,
Czech Republic), as described in [7]. Homeostasis model assessment of insulin resistance
(HOMA-IR) was calculated as [fasting insulin (pmol/L) × fasting glucose (mmol/L)]/135. In
the prospective study involving T2D patients, fasting ABAp was determined by both high-per-
formance liquid chromatography-mass spectrometry (HPLC-MS) [7] and enzyme-linked im-
munoassay (ELISA; Agdia Biofords, Evry CEDEX, France). A good agreement between the
results obtained with the two techniques was observed. Thus, ABAp at the different time points
of the OGTT was determined by ELISA only. In the plasma samples from the pregnant
women, ABAp was measured by ELISA only. In the retrospective study, plasma samples col-
lected at the time of the bariatric surgery and kept at -20°C were extracted in 4 vol distilled
methanol and ABAp was determined by ELISA [7].

The area-under-the-curve (AUC) values of plasma ABA, glucose and insulin were calculat-
ed with the trapezoidal rule, from the concentrations measured at the time points indicated in
the legends to Table 1 and Table 2.

Table 1. Impaired increase of the ABAp during OGTT in T2D patients.

NGT T2D p

N 7 9

Age (years) 58.1±6.2 60.2±10.2 0.642

BMI (kg/m2) 30.2±6.1 27.7±4.4 0.342

FPG (mg/dL) 95.4±12.6 145.8±39.6 0.007

Fasting ABAp 0.97±0.36 1.75±1.02 0.040

(nM) 0.99 (0.38–1.54) 1.61 (0.35–3.42)

ABA AUC (nmol/L*min) 121.7±33.9 68.3±44.3 0.019

Glucose AUC (mg/dL*min) 18550±4422 30694±6129 <0.001

Insulin AUC (mU/L*min) 6998±910 8192±2724 0.155

Study participants underwent an OGTT after overnight fasting. Plasma ABA, glucose and insulin

concentrations were measured immediately before and 15, 30, 60, 90 and 120 min after the ingestion of 75

g of glucose. AUCs were calculated from the absolute values for glycemia and insulinemia, or from the

values relative to time zero for ABAp. Data are presented as mean±SD and were compared by unpaired t-

test (significant p values in bold). For ABAp, median value and range are also shown.

doi:10.1371/journal.pone.0115992.t001
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Statistical analysis
Continuous variables are presented as mean±SD or median (interquartile range), depending
on the distribution. Comparisons were drawn by chi-square test, unpaired or paired t-test, or
Mann-Whitney test, as appropriate. The relationship between the AUC of glucose and of
ABAp was studied by means of the Pearson correlation test. Statistical significance was set at
p<0.05.

Results

Impaired increase of plasma ABA after glucose load in T2D subjects
Consistent with the experimental evidence supporting a role of ABA in promoting glucose dis-
posal, ABAp increases following an oral glucose load in healthy individuals [7]. To determine
whether the ABA response to oral glucose was modified in T2D, plasma samples from 11 pa-
tients with impaired fasting glycemia, who underwent an OGTT for diagnostic purposes, were
collected immediately before and 15, 30, 60, 90, and 120 minutes after intake of glucose; in 9
out of these 11 subjects, T2D was confirmed by the test. Seven volunteers of comparable age
and BMI and with normal glucose tolerance served as controls. ABAp increased in response to
oral glucose in all healthy subjects, but not in the diabetic subjects. The curves of glycemia,
insulinemia and ABAp following glucose ingestion in T2D subjects and controls are shown in
Fig. 1. As a result of the failure of ABAp to increase in the T2D patients, the AUC of ABAp dur-
ing the OGTT was significantly lower in these subjects compared to NGT controls (Table 1). In
the control group, there was a positive correlation between the AUC of ABAp and the one of
glycemia, (r = 0.7767, p = 0.040). This positive correlation confirms our previous observation
[7] and supports the conclusion that, under normal conditions, hyperglycemia is a main driver
to ABA secretion. Interestingly, no significant correlation was found between the AUC of
ABAp and glycemia in T2D patients (r = -0.4247, p = 0.255). Altogether, these results suggest
that the mechanism by which high glucose induces an increase in ABAp is impaired in T2D.

We also compared fasting ABAp and FPG between a group of 21 treatment-naïve patients
with T2D (including the 9 subjects who underwent the OGTT) and a group of 27 age- and
BMI-matched healthy volunteers with normal glucose tolerance. As expected, FPG was signifi-
cantly higher in the diabetic subjects compared to the controls (Table 2). Interestingly, the dis-
tribution of ABAp values was normal in NGT subjects, but not in T2D patients. Fig. 2 shows
the individual ABAp values from all subjects: the distribution of ABAp values in the T2D

Table 2. Higher fasting ABAp in T2D patients compared to NGT controls.

NGT T2D p

N 27 21

BMI (kg/m2) 26.3±6.3 29.9±7.7 0.197

FPG (mg/dL) 84.6±32.4 140.4±57.6 0.003

Fasting ABAp (nM) 0.74±0.45 1.68±1.44 0.003

0.66 (0.13–1.72) 1.15 (0.19–4.77) 0.013§

Fasting plasma glucose (FPG) and ABA levels were determined in two groups of age- and sex (male)-

matched subjects which included the participants to the OGTT shown in Table 1. Data are presented as

mean ± SD or median (range) and are compared by t-test or Mann-Whitney test (§), respectively

(significant p values in bold). For fasting ABAp, both mean and median values are shown, with the

respective statistical comparison. ABAp was measured by HPLC-MS.

doi:10.1371/journal.pone.0115992.t002
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subjects suggests the existence of two sub-groups, one with higher-than-normal ABAp and the
other one with ABAp similar to normal. No significant correlation between ABAp and age or
BMI was observed within the T2D group. The median value and the range were 0.66 (0.13–
1.72) nM and 1.15 (0.19–4.77) nM in the healthy and in the T2D subjects, respectively. Analy-
sis of the data by the Mann-Whitney test indicated a statistically significant difference between
ABAp in NGT and T2D subjects (p = 0.013; Table 2).

Diminished increase of ABAp after oral glucose load in GDM is followed
by postpartum restoration of the ABAp response to hyperglycemia and
resolution of diabetes
To investigate whether the ABAp response to oral glucose was also altered in GDM, plasma
samples were collected during in-pregnancy and post-partum OGTTs in 16 women. Nine of
them had GDM, which reverted to NGT after childbirth; the other subjects were already NGT
during their pregnancy (Table 3). The curves of glycemia, insulinemia and ABAp following
glucose ingestion in GDM and NGT women, pre- and post-partum, are shown in Fig. 3. Both
the maximal ABAp increase and the ABA AUC after the oral glucose load were significantly
lower in women with GDM compared to those with NGT during pregnancy. In the GDM
group, the AUC of ABAp was significantly higher after childbirth compared to the in-pregnan-
cy values. A similar trend was also observed in NGT subjects, although to a minor extent
(Table 3). As a result, 8–12 weeks after childbirth the ABAp AUC was no longer significantly

Fig 1. ABAp increases after an oral glucose load in healthy subjects, but not in T2D patients. After
overnight fasting, a pre-test blood sample was taken from 7 healthy subjects and from 9 T2D patients, all of
whom subsequently underwent a standard OGTT. The values of plasma ABA (A), glucose (B) and insulin (C)
shown are the mean ± SD from the healthy controls (black rhombi) and from the T2D subjects (grey squares).
* p<0.05 relative to time zero values.

doi:10.1371/journal.pone.0115992.g001

Fig 2. Fasting ABAp in NGT subjects and T2D patients. Fasting ABAp was determined by HPLC-MS in 21
male T2D patients (squares) and in 27 sex-, age- and BMI-matched NGT subjects (rhombi). Results are
ordered by increasing value. The circled areas indicate the possible existence of two sub-groups within the
T2D patients, one with higher-than-normal ABAp levels and one with ABAp values similar to those of the NGT
group. Inset: a box-and-whisker plot drawn from the same data sets. * p = 0.013

doi:10.1371/journal.pone.0115992.g002
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different between women diagnosed with GDM and controls. Concomitant with the restora-
tion of the ABAp response to hyperglycemia, normalization of glucose tolerance was observed
in all GDM subjects (Table 3). Interestingly, after childbirth, there was a significant positive
correlation between the AUC of ABAp and the one of glycemia in both the GDM and the NGT
group (r = 0.9222, p = 0.00031 and r = 0.7478, p = 0.020, respectively). This correlation was
also observed in the control subjects of Table 1 (see first paragraph of the Results) and in a pre-
vious study in healthy subjects [7].

Interestingly, pre-partum fasting ABAp was significantly lower in GDM subjects (0.54±0.62 nM,
n = 10) compared to NGT controls (1.15±0.69 nM, n = 12, p = 0.043). After childbirth, ABAp
increased significantly in both NGT and GDM subjects, in the latter ones reaching control
values (Table 3).

Altogether, these results indicate that the transient diabetic condition of GDM is associated
with a similarly transient impairment of the hyperglycemia-induced increase of ABAp and that
post-partum restoration of NGT is concomitant with a normalization of the ABAp response
to hyperglycemia.

Fasting ABAp increases after BPD
In the retrospective part of this study, we compared the fasting ABAp in morbidly obese diabet-
ic and non-diabetic subjects, before and 1 month after BPD. This type of bariatric surgery very
often results in the rapid (within 1 month) resolution of diabetes [10]. Before BPD, FPG, insu-
lin, and HOMA-IR were significantly higher in T2D than in NGT obese patients, as expected
(Table 4). Fasting ABAp was also higher in the first group than in the latter, in agreement with
what observed in the prospective cohort of non-obese T2D patients (Table 2). One month after
BPD, in parallel with a significant reduction of the BMI, FPG, HOMA-IR and insulin all signif-
icantly decreased in the T2D group, while fasting ABAp significantly increased (Table 4). In
this group, there was a negative correlation between FPG and ABAp (r = -0.683, p = 0.042),
indicating that higher ABAp levels were observed in those subjects with lower FPG. Interest-
ingly, fasting ABAp increased also in obese, but not diabetic subjects following BPD and this
change was associated with a significant decrease of FPG, without a significant change in insu-
lin (Table 4). Indeed, the ratio between post- and pre-BPD FPG values showed a significant

Table 3. Diminished increase of ABAp after oral glucose load in GDM and reversal to normal after childbirth.

NGT GDM

N 7 9 p

BMI (kg/m2) 24.9±3.1 25.5±4.9 0.767

Age (years) 37.0±3.7 37.1±1.4 0.934

prepartum postpartum prepartum postpartum p

FPG (mg/dL) 72.4±7.2 p = 0.117 67.9±9.3 80.7±5.8 p = 0.007 70.3±11.1 0.015* 0.631#

Fasting ABAp (nM) 1.15±0.69 p = 0.011 2.33±1.49 0.54±0.62 p = 0.0002 2.39±0.98 0.043* 0.708#

ABA AUC (nmol/L*min) 191.2±78.3 p = 0.113 298.3±105.2 79.4±56.9 p = 0.011 376.5±98.9 0.033* 0.113#

Glucose AUC (mg/dL*min) 12604±256 p = 0.686 12116±2182 15546±2066 p = 0.022 12258±3084 0.015* 0.914#

Insulin AUC (mU/L*min) 5984±2942 p = 0.284 4911±1889 7465±3406 p = 0.015 5438±3641 0.237* 0.894#

Plasma ABA, glucose and insulin concentrations were measured at 0, 60 and 120 min during a standard gestational diabetes screen at the 24th-28th week

(prepartum). The same test was repeated 8–12 weeks after childbirth (postpartum). ABAp was measured by ELISA.

*unpaired t test NGT prepartum vs GDM prepartum

#unpaired t test NGT postpartum vs GDM postpartum.

doi:10.1371/journal.pone.0115992.t003
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(p = 0.044) moderate negative correlation (r = -0.614) with the ratio between post- and pre-
BPD ABA values.

Fasting ABAp values measured in obese NGT and T2D subjects (Table 4) were lower than
those in NGT and T2D subjects of normal weight (Table 2); this discrepancy was not due to the
different type of assay used to measure ABAp (ELISA and HPLC-MS in Table 4 and Table 2, re-
spectively), since the two assays yielded similar results when performed on the same sample (not
shown).

Fig 3. Pre-partum impairment and post-partum restoration of the ABAp increase after oral glucose
load in GDM subjects. The values of plasma ABA (A), glucose (B) and insulin (C) shown are the mean ± SD
from seven NGT (black rhombi) and from nine GDM subjects (grey squares), who underwent a standard
OGTT at the 24th-28th week (pre-partum) and again 2–3 months after childbirth (post-partum). Post-partum
restoration of the ABAp increase during OGTT in the GDM subjects was accompanied by restoration of a
normal glycemic profile. * p<0.05 compared to time zero values; § p<0.05 compared to NGT.

doi:10.1371/journal.pone.0115992.g003
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Discussion
The main finding of the prospective part of this study is that the increase in ABAp that normal-
ly occurs after an oral glucose load is impaired both in patients with T2D and in women with
GDM. In the latter ones, normalization of glucose tolerance after childbirth is paralleled by res-
toration of the ABAp response to oral glucose. Thus, impairment of the response of ABAp to
hyperglycemia appears to be a common feature in T2D and GDM subjects. This finding points
to a critical role for plasma ABA in the maintenance of a normal glucose tolerance and suggests
new possible ABA-centered pathogenetic mechanisms that may underlie the diabetic condi-
tion. In principle, the failure of ABAp to increase following hyperglycemia in T2D and GDM
may result from insufficient ABA synthesis or from dysfunctional regulation of ABA release in
response to glucose. Regardless of the underlying mechanism, it is tempting to speculate that
the loss of ABAp response to oral glucose contributes to the pathogenesis of T2D and GDM.

Concerning the tissue source of plasmatic ABA, pancreatic β-cells and adipocytes are both
capable of releasing ABA upon stimulation with glucose in vitro [7], and the higher cell mass of
the adipose tissue might make it an important determinant to fasting ABAp, particularly in
obese subjects. Interestingly, the limited (approximately 10 and 15% in NGT and T2D subjects,
respectively) reduction of body weight that occurred in both NGT and T2D subjects within the
first month after BPD was associated with an increase, not a decrease, of ABAp (Table 4). This
observation suggests an inhibitory effect on ABA secretion of one or more adipokines released
from adipose tissue that is most readily lost after BPD.

BPD causes a substantial reduction in nutrient absorption in the small intestine [13]. There-
fore, an alternative possibility is that stimulation of enteroendocrine cells by excess non-absorbed
nutrients may result in an increased release of GLP-1 [14, 15], which in turn can stimulate ABA
secretion from β-pancreatic cells [7]. Both hypotheses open new intriguing areas of investigation.

Table 4. Increased basal ABAp and decreased fasting glycemia in obese NGT and T2D subjects after BPD.

NGT T2D

N 11 9

Males (%) 4 (36) 5 (56)

Age (years) 42.6±11.4 51.0±8.9

Before BPD After BPD Before BPD After BPD p

BMI (kg/m2) 45.2±2.7 40.5±3.0 43.5±3.2 37.1±3.7 0.261*

p = 0.004 p<0.001 0.047#

FPG (mg/dL) 91.8±3.6 84.6±5.4 196.2±66.6 111.6±21.6 0.003*

p = 0.064 p = 0.027 0.009#

Insulin (pmol/L) 81.5±20.9 62.2±27.2 120.0±41.2 43.8±23.1 0.639*

p = 0.269 p = 0.008 0.062#

HOMA-IR 3.1±0.8 2.2±1.0 9.6±5.2 2.1±1.3 0.030*

p = 0.150 p = 0.007 0.467#

ABAp (nmol/L) 0.21±0.11 0.87±0.60 0.35±0.18 1.44±1.34 0.045*

p = 0.028 p = 0.037 0.322#

The indicated parameters were assessed retrospectively on frozen plasma samples taken before and one month after bariatric surgery in subjects with

NGT or with T2D. ABAp was measured by ELISA. BMI, body mass index; HOMA-IR, homeostasis model assessment of insulin resistance.

*unpaired t test NGT before BPD vs T2D before BPD

#unpaired t test NGT after BPD vs T2D after BPD.

doi:10.1371/journal.pone.0115992.t004
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The higher mean value and wider distribution of the fasting ABAp in the T2D subjects com-
pared to the NGT controls (Table 2) do not appear to be correlated with age or BMI in the
T2D group and may reflect a heterogeneity of ABA-related dysfunctional mechanisms occur-
ring in T2D, such as resistance to the glycemia-lowering effect of ABA (causing higher-than-
normal basal ABAp levels), or impairment of the molecular mechanisms regulating the in-
crease of ABAp in response to hyperglycemia (causing ABAp levels to be in the normal range
despite hyperglycemia). At variance with what observed in T2D subjects, the fasting ABAp of
the GDM subjects was lower compared to the NGT controls: this observation may suggest in-
sufficient ABA release in response to hyperglycemia as the common pathogenetic mechanism
underlying ABA dysfunction in GDM.

The prepartum basal ABAp in the pregnant NGT women (1.14±0.69 nM, n = 12) was
not significantly higher (p = 0.054) than that measured in the male NGT subjects of Table 2
(0.75±0.54 nM, n = 30), although increasing the number of subjects may eventually yield a sta-
tistical significance; conversely, 8–12 weeks after childbirth, when glucose tolerance was re-
stored to normal in the GDM subjects (all women were lactating), the postpartum basal ABAp
of all the women tested was significantly higher than that of the NGT subjects (2.36±1.18 nM,
n = 13; p = 2.45E-07). This observation, together with the fact that ABA is present in human
milk (SB, unpublished observation), might suggest that a physiological increase of the ABAp
occurs during lactation.

To gain further insight into ABAp deregulation in T2D, we also retrospectively measured
fasting ABAp in obese subjects before and one month after BPD. This type of bariatric surgery
is known to improve glucose tolerance, not only by reducing body weight and thus insulin re-
sistance, but also by improving insulin secretion in response to glucose. Remarkably, improve-
ment of glucose tolerance already occurs within one month after surgery [10, 16]. In our group
of obese T2D subjects, BPD was followed by a significant decrease of both FPG and insulin,
with a reduction of the HOMA-IR to normal values; this trend toward a normalization of glu-
cose tolerance was paralleled by a significant increase of ABAp (Table 4). Thus, it can be postu-
lated that the increase in the circulating levels of ABA may be one of the factors leading to
improved glycemic control in T2D patients undergoing BPD. This hypothesis is supported by
the fact that in NGT obese subjects too, BPD was followed by a significant increase in ABAp
and a significant decrease in FPG, without significant modifications of insulin concentration
and HOMA-IR (Table 4). As ABA stimulates GLUT-4 expression and its membrane transloca-
tion in adipocytes and myocytes in vitro [7], the beneficial effect of elevated ABAp on glycemic
control might be secondary to increased peripheral glucose uptake.

In conclusion, this study provides evidence that the increase of ABAp normally observed in
response to glucose is impaired in T2D and in GDM. In the latter form of diabetes, restoration
of normal glucose tolerance after childbirth is accompanied by a normalization of the ABAp in-
crease in response to glucose.

The demonstration that plasma ABA is altered/abnormal in T2D and GDM suggests a role
for the dysregulation of ABAp response to hyperglycemia in the pathophysiology of these con-
ditions and warrants further studies to test the new mechanistic hypotheses arising from
this study.

Acknowledgments
The authors are indebted to the volunteers collaborating in this study.

Abscisic Acid in Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0115992 February 27, 2015 10 / 11



Author Contributions
Conceived and designed the experiments: PA SB EZ. Performed the experiments: SB EM GS
GA AS MP LB. Analyzed the data: PA SB EZ GM GFA DM. Contributed reagents/materials/
analysis tools: GFA AF PLV RC. Wrote the paper: PA SB EZ.

References
1. Hey SJ, Byrne E, Halford NG. (2010) The interface between metabolic and stress signalling. Ann Bot

105: 197–203. doi: 10.1093/aob/mcp285 PMID: 20007158

2. Zocchi E, Carpaneto A, Cerrano C, Bavestrello G, Giovine M, et al. (2001) The temperature-signaling
cascade in sponges involves a heat-gated cation channel, abscisic acid and cyclic ADP-ribose. Proc
Natl Acad Sci USA 98: 14859–14864. PMID: 11752433

3. Puce S, Basile G, Bavestrello G, Bruzzone S, Cerrano C, et al. (2004) Abscisic acid signaling through
cyclic ADP-ribose in hydroid regeneration. J Biol Chem 279: 39783–39788. PMID: 15252012

4. Bruzzone S, Moreschi I, Usai C, Guida L, Damonte G, et al. (2007) Abscisic acid is an endogenous cy-
tokine in human granulocytes with cyclic ADP-ribose as second messenger. Proc Natl Acad Sci USA
104: 5759–5764. PMID: 17389374

5. Magnone M, Sturla L, Jacchetti E, Scarfì S, Bruzzone S, et al. (2012) Autocrine abscisic acid plays a
key role in quartz-induced macrophage activation. FASEB J 26: 1261–1271. doi: 10.1096/fj.11-187351
PMID: 22042223

6. Bruzzone S, Bodrato N, Usai C, Guida L, Moreschi I, et al. (2008) Abscisic acid is an endogenous stim-
ulator of insulin release from human pancreatic islets with cyclic ADP ribose as second messenger. J
Biol Chem 283: 32188–32197. doi: 10.1074/jbc.M802603200 PMID: 18784081

7. Bruzzone S, Ameri P, Briatore L, Mannino E, Basile G, et al. (2012) The plant hormone abscisic acid in-
creases in human plasma after hyperglycemia and stimulates glucose consumption by adipocytes and
myoblasts. FASEB J 26: 1251–1260. doi: 10.1096/fj.11-190140 PMID: 22075645

8. Guri AJ, Hontecillas R, Si H, Liu D, Bassaganya-Riera J. (2007) Dietary abscisic acid ameliorates glu-
cose tolerance and obesity-related inflammation in db/db mice fed high-fat diets. Clin Nutr 26: 107–
116. PMID: 17000034

9. Buchwald H, Avidor Y, Braunwald E, Jensen MD, Pories W, et al. (2004) Bariatric surgery: a systematic
review and meta-analysis. JAMA 292:1724–1737. PMID: 15479938

10. Briatore L, Salani B, Andraghetti G, Danovaro C, Sferrazzo E, et al. (2008) Restoration of acute insulin
response in T2DM subjects 1 month after biliopancreatic diversion. Obesity (Silver Spring) 16: 77–81.
doi: 10.1038/oby.2007.9 PMID: 18223616

11. Standards of medical care in diabetes. American Diabetes Association. Diabetes Care. 2013 Jan; 36
Suppl 1:S11–66. doi: 10.2337/dc13-S011 PMID: 23264422

12. Scopinaro N, Marinari GM, Camerini GB, Papadia FS, Adami GF. (2005) Specific effects of biliopan-
creatic diversion on the major components of metabolic syndrome: a long-term follow-up study. Diabe-
tes Care 28: 2406–2411. PMID: 16186271

13. Castagneto M, Mingrone G. (2012) The effect of gastrointestinal surgery on insulin resistance and insu-
lin secretion. Curr Atheroscler Rep 14: 624–630. doi: 10.1007/s11883-012-0284-6 PMID: 23001770

14. Valverde I, Puente J, Martín-Duce A, Molina L, Lozano O, et al. (2005) Changes in glucagon-like pep-
tide-1 (GLP-1) secretion after biliopancreatic diversion or vertical banded gastroplasty in obese sub-
jects. Obes Surg 15: 387–397. PMID: 15826475

15. Lugari R, Dei Cas A, Ugolotti D, Barilli AL, Camellini C, et al. (2004) Glucagon-like peptide 1 (GLP-1) se-
cretion and plasma dipeptidyl peptidase IV (DPP-IV) activity in morbidly obese patients undergoing
biliopancreatic diversion. HormMetab Res 36: 111–115. PMID: 15002062

16. Briatore L, Salani B, Andraghetti G, Maggi D, Adami GF, et al. (2010) Beta-cell function improvement
after biliopancreatic diversion in subjects with type 2 diabetes and morbid obesity. Obesity (Silver
Spring) 18: 932–936 doi: 10.1038/oby.2010.28 PMID: 20186136

Abscisic Acid in Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0115992 February 27, 2015 11 / 11

http://dx.doi.org/10.1093/aob/mcp285
http://www.ncbi.nlm.nih.gov/pubmed/20007158
http://www.ncbi.nlm.nih.gov/pubmed/11752433
http://www.ncbi.nlm.nih.gov/pubmed/15252012
http://www.ncbi.nlm.nih.gov/pubmed/17389374
http://dx.doi.org/10.1096/fj.11-187351
http://www.ncbi.nlm.nih.gov/pubmed/22042223
http://dx.doi.org/10.1074/jbc.M802603200
http://www.ncbi.nlm.nih.gov/pubmed/18784081
http://dx.doi.org/10.1096/fj.11-190140
http://www.ncbi.nlm.nih.gov/pubmed/22075645
http://www.ncbi.nlm.nih.gov/pubmed/17000034
http://www.ncbi.nlm.nih.gov/pubmed/15479938
http://dx.doi.org/10.1038/oby.2007.9
http://www.ncbi.nlm.nih.gov/pubmed/18223616
http://dx.doi.org/10.2337/dc13-S011
http://www.ncbi.nlm.nih.gov/pubmed/23264422
http://www.ncbi.nlm.nih.gov/pubmed/16186271
http://dx.doi.org/10.1007/s11883-012-0284-6
http://www.ncbi.nlm.nih.gov/pubmed/23001770
http://www.ncbi.nlm.nih.gov/pubmed/15826475
http://www.ncbi.nlm.nih.gov/pubmed/15002062
http://dx.doi.org/10.1038/oby.2010.28
http://www.ncbi.nlm.nih.gov/pubmed/20186136


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


