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EFFECTS OF LENGTH AND REGION OF SMALL INTESTINAL
GLUCOSE EXPOSURE ON BLOOD PRESSURE, SUPERIOR
MESENTERIC ARTERY BLOOD FLOW AND PLASMA
NORADRENALINE IN HEALTHY OLDER PARTICIPANTS
R.S. Rigda1,2, L.G. Trahair1,2, T. Wu1,2, T.J. Little1,2, K. Lange1,2, C. Feinle-Bisset1,2, C.K. Rayner1,2,3,
M. Horowitz1,2,4, K.L. Jones1,2,4

Abstract: Background: A substantial postprandial reduction in blood pressure (BP), triggered by the interaction of nutrients with
the small intestine and associated with increases in heart rate (HR) and splanchnic blood flow, occurs frequently in healthy older
people. Objective: The aim of this study was to determine whether these responses are influenced by the length and/or region of
small intestine exposed to nutrients. Design: Randomized, single blind study. Setting: Clinical research laboratory. Participants: Ten
healthy older participants (9M, 1F; age 65 – 79 yr). Intervention: On 3 separate study days, participants were intubated with a small
intestinal catheter incorporating two duodenal infusion ports and an aspiration port, as well as an occluding balloon, which was
positioned ~ 60 cm beyond the pylorus. Each participant then received a 60 min (t = 0 – 60 min) intraluminal infusion of glucose
(3 kcal/min) into either the proximal (< 60 cm “GP”), or the distal (> 70 cm “GD”), or both (i.e. proximal and distal “GPD”), small
intestinal segments. Measurements: BP, HR (automated device), superior mesenteric artery (SMA) blood flow (Doppler ultrasound)
and plasma noradrenaline (NA). Results: Small intestinal glucose infusion was associated with reductions in systolic (GP: P = 0.004,
GD: P = 0.001, GPD: P = 0.001) and diastolic (GP: P = 0.007, GD: P = 0.004, GPD: P = 0.003) BP and increases in HR (GP: P = 0.001,
GD: P = 0.001, GPD: P = 0.002) and plasma NA (GP: P = 0.001, GD: P = 0.002, GPD: P = 0.001), without any difference between the
three days. Conclusion: In healthy older participants, the effects of small intestinal glucose to decrease BP and increase SMA flow in
healthy older participants appear to be independent of the region, or length, of small intestine exposed.
Key words: Postprandial hypotension, splanchnic blood flow, small intestinal infusion, sympathetic activity.

Introduction
Postprandial hypotension, usually defined as a fall
in systolic BP of ≥ 20 mmHg within 2 hours of a meal,
is an important clinical problem (1-3), representing a
major cause of morbidity, as well as mortality (4). The
mechanisms underlying postprandial hypotension
are heterogeneous and poorly defined, and current
management is unsatisfactory. Postprandial hypotension
occurs frequently in apparently healthy older people, as
well as nursing home residents, and is associated with
diseases characterised by impaired autonomic function,
including type 2 diabetes (T2DM) and Parkinson’s disease
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(3-6). Postprandial increments of noradrenaline (NA),
for example, are attenuated in postprandial hypotension
(7, 8). In healthy young people, meal ingestion does not
affect blood pressure (BP) and, in the broadest sense,
postprandial hypotension can be considered to reflect
inadequate cardiovascular compensation, including an
inadequate sympathetic response, for the postprandial
increase in splanchnic blood flow (3, 9).
Studies by ourselves and others have established
that gastric distension (10-13), and the subsequent
delivery of nutrients to the small intestine (5, 9, 14-17),
are major determinants of the postprandial fall in BP.
In both healthy older participants (15) and patients
with T2DM (5), the hypotensive response to glucose is
greater when gastric emptying is relatively more rapid.
We have employed direct infusion of nutrients into the
duodenum, within the normal range of gastric emptying
(1 – 4 kcal/min), to ‘bypass’ the potential effect(s) of
gastric distension, and demonstrate that carbohydrate,
fat and protein all elicit a fall in BP (18). We have also
demonstrated that the relationship between nutrient
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delivery and the magnitude of the fall in BP is nonlinear in healthy older participants (19). The latter may
reflect differences in the length of small intestine exposed
to glucose; glucose infused at 1 kcal/min is primarily
absorbed in the proximal small intestine, while higher
rates exceed the glucose absorptive capacity of the
duodenum and result in exposure of increasing lengths of
small intestine. That the hypotensive response to glucose
is secondary to the interaction of nutrients with the small
intestine is supported by the observation that when
glucose is infused directly into the small intestine in the
presence of guar, which is known to slow small intestinal
absorption, the magnitude of the fall in BP in healthy
older participants is attenuated (20). The outcomes of
these studies, accordingly, support the concept that
dietary and/or pharmacological strategies that slow
gastric emptying and/or small intestinal absorption
may be effective in the management of postprandial
hypotension (16, 17, 21).
Studies conducted by Lin and colleagues, as well as
others, have established that the rate of gastric emptying
is dependent on both the length and region of small
intestine exposed to nutrients (22-24). Certainly, gastric
emptying is regulated primarily by inhibitory feedback
arising from the interaction of nutrients with the small
intestine, rather than ‘intragastric’ mechanisms. This
is likely to reflect, at least in part, major differences in
the secretion of hormones between the regions of the
intestine, e.g. cholecystokinin (CCK) (25) and glucosedependent insulinotropic polypeptide (GIP) (26)
are released predominantly from the proximal small
intestine, while glucagon-like peptide-1 (GLP-1) (26)
and peptide YY (PYY) (27) are secreted predominantly
in the terminal ileum and colon. We have reported that
the release of GLP-1, but not CCK or GIP, by enteral
glucose is dependent on the length of small intestine
exposed to glucose (25). While this study was unable to
distinguish between the effects of length and region of
small intestinal exposure, we recently reported in healthy
older participants that GLP-1 secretion is primarily
dependent on exposure of the distal small intestine to
glucose, whereas both proximal (~12 cm post-pylorus)
and distal (~70 cm post-pylorus) small intestinal exposure
to glucose stimulate GIP secretion comparably (28). There
is evidence that a number of gut hormones, including
GLP-1 (21, 29), glucagon-like peptide-2 (GLP-2) (30),
GIP (31), calcitonin gene-related peptide (CGRP) (32)
and neurotensin (33), modulate splanchnic blood flow
and may, accordingly, be important determinants of the
hypotensive response to a meal. There is no information
as to whether the effects of small intestinal nutrients on
BP and superior mesenteric artery (SMA) blood flow are
dependent on the region and/or length of small intestine
exposed, which has implications for the pathogenesis
and, hence, rational management of postprandial
hypotension.
Using data collected in our previously reported study
evaluating incretin hormone release (28), we now report
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the effects of exposing different regions of the small
intestinal to glucose on BP, SMA blood flow and NA in
healthy older participants.

in a left antecubital vein for blood sampling, and an
automated BP cuff was placed around the right arm. Each
participant remained in a supine position while blood
sampling, and measurements of BP, HR and SMA blood
flow, were performed.
After correct positioning, the balloon was inflated
slowly with air using a hand-held syringe until
participants reported a sensation of pressure, without
discomfort (volume ~ 35 mL) (25, 28). The balloon was
then deflated and the participants allowed to rest for ~15
min. The balloon was then re-inflated slowly to the predetermined volume. The time at which the balloon was
fully inflated to the desired volume was defined as t = 0
min. Throughout the study, pressure in the balloon was
monitored continuously (25, 28).
Between t = 0 - 60 min each participant received one of
the following 3 infusions, in random order, via infusion
channels 1 and 2:
a) infusion channel 1: 25% glucose at 3 kcal/min
+ infusion channel 2: 0.9% saline (ie. proximal small
intestinal segment only exposed to glucose; “GP”),
b) infusion channel 1: 25% glucose at 3 kcal/min +
infusion channel 2: 25% glucose infused at an adjustable
rate to allow the glucose recovered from the proximal
segment to be infused concurrently (ie. both the proximal
and distal segments exposed to glucose; “GPD”), or
c) infusion channel 1: 0.9% saline + infusion channel
2: 25% glucose at 3 kcal/min (ie. distal segment only
exposed to glucose; “GD”).
On the study day that involved glucose infusions into
both proximal and distal segments of small intestine
(GPD), the 3 kcal/min glucose infusion was initially
infused into the proximal segment only and after 10
min, the luminal glucose concentration of the proximal
intestinal segment was then determined from the
aspirated fluid and used to calculate the appropriate
infusion rate for the distal segment of small intestine (i.e.
the amount of glucose that would have reached the distal
segment if the balloon had not been present) (28). This
rate was re-calculated and adjusted every 10 minutes.
At t = 60 min, the infusions ceased, the subcutaneous
reference was removed, the balloon deflated and the
duodenal assembly removed (25, 28). Each participant
was then offered a lunch before they were allowed to
leave the laboratory. On one day, cardiovascular
autonomic nerve function was evaluated immediately
after the completion of the study (35, 36).

Materials and methods
Participants
Thirteen healthy older males and one female [median
age 71.3 yr (range: 65-79 yr), body mass index 26.1
kg/m2 (range 22.3–30.1 kg/m 2)] were recruited by
advertisement. All participants were non-smokers and
consumed < 20 g alcohol/day. None had a history of
epilepsy, gastrointestinal disease or surgery, diabetes,
significant respiratory, renal, hepatic or cardiac disease,
or was taking medication known to influence blood
pressure or gastrointestinal function.

Protocol
The protocol was approved by the Human Research
Ethics Committee of the Royal Adelaide Hospital, and
each participant provided written, informed consent.
All studies were carried out in accordance with the
Declaration of Helsinki.
Each participant was studied on three occasions,
separated by at least 7 days in randomised order. On
each study day, the participant attended the laboratory
at 0800h following an overnight fast (14h for solids, 12h
for liquids) (25, 28). A multi-lumen silicone catheter (4.2
mm outer diameter; Dentsleeve International Ltd, Mui
Scientific, Mississauga, Canada) was introduced via an
anaesthetised nostril (25, 28). The assembly included two
infusion channels, an aspiration channel, two ‘air return’
channels, and a balloon (4 cm long, maximum volume
~ 60 mL). The catheter was positioned so that infusion
channel 1 opened in the duodenum ~ 12 cm distal to the
pylorus, and infusion channel 2 opened ~ 70 cm distal
to the pylorus. The balloon was located at ~ 60 cm distal
to the pylorus, and was designed to occlude the lumen
and thereby ‘isolate’ proximal and distal segments (25,
28). The two aspiration channels opened ~ 3 cm above
the balloon, and were used to aspirate infused fluid.
The two ‘air return’ channels each opened at three side
holes spaced at 5 cm intervals between the balloon
and the opening of infusion channel 1, and prevented
the duodenal mucosa obstructing the opening of the
aspiration channel (25, 28). The correct positioning of the
catheter was maintained by continuous measurement of
the transmucosal potential difference (TMPD) at salineperfused sideholes opening in the antrum (- 40 mV) and
duodenum (0 mV), using a saline-filled subcutaneous
cannula in the left forearm as a reference electrode (25,
28, 34). Intraduodenal infusions were performed using
a volumetric infusion pump (Gemini PC-1, IMED, San
Diego, CA, USA). An intravenous cannula was positioned

150

Measurements

pressure and heart rate were calculated as the mean of
measurements taken at t = - 9, - 6, and - 3 min (6, 9, 10, 21).

Superior mesenteric artery blood flow
SMA blood flow was measured by Duplex
ultrasonography (i.e. B-mode and Doppler imaging)
using a Logiq™ 9 ultrasonography system (GE
Healthcare Technologies, Sydney, Australia) (18, 21). The
participant was scanned using a 3.5C broad-spectrum
2.5- to 4-MHz convex transducer before (i.e. t = - 15
min) balloon inflation and the commencement of (i.e. t
= - 5 min) intraduodenal infusions, and then at 15-min
intervals between t = 0 and 60 min. Blood flow (mL/
min) was calculated using the formula: π x r2 x TAMV
x 60, where r was the radius of the SMA and TAMV the
time-averaged mean velocity (18, 21). The investigator
who performed the SMA blood flow measurements was
blinded to the study conditions.

Plasma noradrenaline concentrations
Venous blood samples were collected into icechilled EDTA-treated tubes. Plasma was separated by
centrifugation at 3,200 RPM for 15 min at 4˚C within
10 min of collection and stored at – 80°C until assayed.
Plasma noradrenaline (NA) was measured at t
= - 15, 30, and 60 min using high-performance liquid
chromatography coupled with electrochemical detection
(Waters, Milford, MA, USA) (9). The minimum detectable
limit was 0.1 nmol/L, and the inter-assay coefficient of
variation was 5.2%.

Aspirate glucose concentrations
The glucose concentration in the proximal segment
of small intestine was measured every 10 min. At the
conclusion of each 10 min epoch, 1 ml of fluid aspirated
from this segment was diluted with 49 ml of saline (0.9%)
for immediate measurement of the glucose concentration
(2300 YSI Stat Plus, Yellow Springs Instruments, Ohio,
USA). The glucose concentration in the aspirate was
derived by multiplying this figure by 50, which was then
multiplied by the volume of aspirate to yield the total
amount of glucose in the aspirate. The equivalent glucose
load was then infused into the distal small intestine over
the subsequent 10 min (28).

Cardiovascular autonomic nerve function

Blood pressure and heart rate
BP (systolic and diastolic) and HR were measured
using an automated oscillometric BP monitor (DINAMAP
ProCare 100, GE Medical Systems, Milwaukee, WI, USA)
immediately before and every 3 minutes after balloon
inflation between t = 0 – 60 min. “Baseline” blood

Standardised cardiovascular reflex tests were
used to assess autonomic nerve function (35,
36). Parasympathetic function was evaluated by the
variation (R - R interval) of HR during deep breathing
and the immediate response to standing (“30:15”
ratio). Sympathetic function was assessed by the fall
in systolic BP in response to standing. Each result was
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scored according to age-adjusted predefined criteria: 0 =
normal, 1 = borderline and 2 = abnormal, for a maximum
total score of 6. A score > 3 was considered to indicate
autonomic dysfunction (35, 36).

Statistical analysis
Systolic and diastolic BP and HR were analysed as
changes in absolute values from baseline. SMA blood
flow and plasma NA were analysed as absolute values.
Differences between baseline levels on each study
visit were analysed using one-way repeated measures
ANOVA. The maximum changes in BP, HR, and SMA
flow were defined as the greatest change from baseline
in each participant at any time point for each treatment
and analysed against a change of 0 using a one-sample
t-test. The area under the curve (AUC) for t = 0 - 60 min
was calculated for systolic and diastolic BP and HR using
the trapezoidal rule and analysed by one-way repeatedmeasures ANOVA.
All analyses were performed using SPSS version 19.0.0
(SPSS Inc., Chicago, IL, USA). Statistical significance
was accepted at P value < 0.05, and data are presented as
means ± SEM.

from baseline for GP: -6.3 ± 1.8 mmHg; P = 0.007, GD:
-7.2 ± 1.9 mmHg; P = 0.004, GPD: -7.8 ± 2.0 mmHg; P =
0.003), again with no difference between the study days.
Similarly, between t = 0 – 60 min, there was no difference
in the AUC of the change in either systolic or diastolic BP
from baseline between the three study days (Fig 1A + B)
or the absolute values in systolic or diastolic BP at 60 min
(Table 1).
Table 1
Systolic and diastolic blood pressure and heart rate at
baseline, in response to balloon distension and at 60
minutes after the intraduodenal infusion
GP

GD

GPD

P value

SBP (mmHg)

125 ± 5

128 ± 3

127 ± 5

0.60

DBP (mmHg)

73 ± 3

75 ± 2

74 ± 4

0.52

HR (BPM)

56 ± 3

55 ± 2

57 ± 2

0.61

SBP (mmHg)

127 ± 5

127 ± 3

128 ± 4

0.97

DBP (mmHg)

73 ± 3

73 ± 2

74 ± 3

0.87

HR (BPM)

57 ± 3

57 ± 3

57 ± 2

0.98

SBP (mmHg)

121 ± 5

119 ± 4

123 ± 5

0.53

DBP (mmHg)

72 ± 4

69 ± 3

71 ± 3

0.25

HR (BPM)

62 ± 3

67 ± 5

68 ± 5

<0.05

Baseline

Post-distension (T=0 min)

Results

T=60 min

The studies were generally well tolerated. One
participant vomited approximately 45 min after
commencement of the ID infusion on all 3 study days
and was excluded from all analyses. Two participants
withdrew because of discomfort during the study. None
of the remaining 10 participants (9M,1F; age 70.3 (range
65 – 79) yr; BMI 25.7 (range 22.3 – 30.1) kg/m2) had
definite autonomic neuropathy (mean score 0.4, range:
0 - 1). There was no difference in the cumulative (t = 0 –
60 min) glucose recovery between GP (78.1 ± 14.5 kcal)
and GPD (70.0 ± 15.9 kcal, P = 0.42). However, because
of the aspiration process, the proximal small intestine
was only exposed to a mean of 101.9 ± 2.56 kcal on the
GP day, rather than the 180 kcal received on the GD and
GPD days. Plasma NA samples of 3 participants were
compromised because of a freezer malfunction, so that
data for plasma NA were analysed for only 7 participants.

Systolic and diastolic BP and HR
There was no significant difference in BP or HR before
(baseline) or after (t = 0 min) the balloon was inflated
between the 3 days (Table 1).
There was a fall in systolic BP during each infusion
(maximum fall in systolic BP from baseline for GP: -11.5
± 3.0 mmHg; P = 0.004, GD: -14.0 ± 2.1 mmHg; P = 0.001,
GPD: -12.2 ± 2.2 mmHg; P = 0.001), with no difference
between the study days. There was also a fall in diastolic
BP during each infusion (maximum fall in diastolic BP

GP, proximal glucose infusion; GD, distal glucose infusion; GPD, proximal and
distal glucose infusion respectively; SBP and DBP, systolic and diastolic blood
pressure; HR, heart rate. Data presented as mean values ± SEM.
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Plasma NA concentrations
There was no significant difference in plasma NA
before (baseline, Table 2) or after (t = 0 min) the balloon
was inflated between the three days.
Table 2
SMA blood flow and plasma NA concentrations
at baseline and at 60 min after commencement of
intraduodenal glucose infusion
GP

GD

GPD

P value

SMA flow (ml/min)

853 ± 107

751 ± 101

830 ± 84

0.16

Plasma NA (nmol/l)

2.89 ± 0.43

1.97 ± 0.33

2.19 ± 0.49

0.31

SMA flow (ml/min)

1498 ± 165

1608 ± 304

1991 ± 284

0.12

Plasma NA (nmol/l)

3.60 ± 0.96

3.93 ± 0.80

3.44 ± 0.63

0.70

Baseline

T = 60 min

GP, proximal glucose infusion; GD, distal glucose infusion; GPD, proximal
and distal glucose infusion respectively; SMA, superior mesenteric artery; NA,
noradrenaline. Data presented as mean values ± SEM.

Figure 1
Changes from baseline in (A) systolic blood pressure,
(B) diastolic blood pressure and (C) heart rate and (D)
absolute superior mesenteric artery (SMA) blood flow in
response to intraduodenal glucose infusions into either
the proximal, distal or both proximal and distal small
intestine. Data are mean values ± SEM

Discussion

There was a rise in HR during each infusion (maximum
rise in HR from baseline for GP: 9.5 ± 1.1 BPM; P = 0.001,
GD: 12.5 ± 2.3 BPM; P = 0.001, GPD: 13.5 ± 3.0 BPM; P =
0.002), such that the rise was progressive on the GD and
GPD days, but plateaued after ~ 30 min on the GP day. At
t = 60 min, HR was lower for GP when compared to GPD
(P < 0.05), with a trend to be lower than GD (P = 0.12) and
with no difference (P = 1.0) between GD and GPD (Table
1). However, the AUC for HR did not differ significantly
between the three study days (Fig 1C).

SMA blood flow
There was no significant difference in SMA blood flow
before (baseline, Table 2) or after (t = 0 min) the balloon
was inflated between the 3 days (Fig 1D).
In response to glucose infusions, SMA blood flow
increased on all study days (maximum rise in SMA flow
from baseline for GP: 1702 ± 193 ml/min; P = 0.001, GD:
1823 ± 259 ml/min; P = 0.001, GPD: 2120 ± 324 ml/min;
P = 0.001) and tended to plateau after ~ 30 min, with no
difference between study days (Fig 1D).

152

Figure 2
Plasma noradrenaline concentrations during
intraduodenal glucose infusions into either the proximal,
distal or both proximal and distal small intestine. Data are
mean values ± SEM

There was a progressive rise in NA during each
infusion from baseline (Fig 2) with no difference between
study days.

Our study design allowed discrimination between the
effects of length and region of small intestine exposed to
glucose on BP, SMA flow and plasma NA responses, in
healthy older participants. The rate of glucose infusion
(3 kcal/min) was at the upper end of the normal range of
gastric emptying (37) and known to induce a substantial
fall in BP and increases in HR, SMA flow and plasma
NA in healthy older participants (9). While we observed
that the three permutations in small intestinal glucose
delivery were all associated with these effects, supporting
the concept that nutrient-gut interaction is an important
trigger of postprandial cardiovascular responses, there
was no difference in the magnitude of the responses. It is
possible that a maximum response was reached with the
3 kcal/min infusion and that differences between length
and region of small intestine exposed may be observed
with lower infusion rates, however, this appears unlikely.
Accordingly, neither the length, nor region of small
intestine exposed to nutrient appears to be a substantial
determinant of the postprandial hypotensive response.
Our study was stimulated by the recognition that
the small intestinal regulation of gastric emptying of
nutrients exhibits both length- and region-specificity,
clearly shown in the animal studies of Lin and Meyer
(22, 23). The concept that the regional distribution of
nutrients in the small intestine may influence the BP
response was also strengthened by our observations
that the α-glucosidase inhibitor, acarbose, diminishes
the hypotensive response to oral (38) and intraduodenal
(39) sucrose, and may be effective in the management
of postprandial hypotension. Furthermore, after Roux-
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en-Y gastric bypass surgery for morbid obesity, the rate
of entry of nutrients, particularly liquids, into the small
intestine is usually much more rapid, leading to marked
GLP-1 secretion (40), and frequently associated with
hypotension (40, 41). Our previous report demonstrated
marked region-dependent differences in the stimulation
of gut hormone secretion; exposure of glucose to the
distal small intestine was associated with substantial
GLP-1 secretion, but minimal GIP and CCK responses,
while proximal exposure resulted in minimal GLP-1
response, but substantial increases in both GIP and CCK
(28).
While we only studied a relatively small number
of healthy older participants, our observations were
consistent – specifically, there was no suggestion of
a differential response in relation to either the fall in
BP or rise in plasma NA, the latter being a probable
determinant of the postprandial hypotensive response.
We recognise that the plasma NA levels are an
indirect measure of sympathetic response, reflecting
concentrations in the forearm muscle, but are generally
recognised as useful (42). While we did not observe
a significant difference in SMA flow, given the small
subject numbers, it is possible that the trend (P=0.12) for a
difference in SMA flow observed between the GPD study
day compared to both the GP and GD days represents
a type 2 error and this warrants further investigation.
The plateau in HR on the GP day from approximately 30
minutes, resulting in a lower HR compared to the GPD
day, is not unexpected and may reflect the differences in
the amount of glucose infused due to aspiration. Glucose
was infused for only 60 min, but a substantial fall in
BP, as well as rises in HR and SMA flow, were evident
during this time, comparable to observations with similar
rates of small intestinal glucose infusion in previous
studies (9, 10, 14). It should also be recognised that the
two sites of glucose infusion were only separated by
a length of ~60 cm, which may have been insufficient
to produce distinctive differences in cardiovascular
responses. Further studies, infusing glucose more distally
are, therefore, warranted. A placebo/saline experiment
was not included for logistical reasons, but the magnitude
of the observed changes was consistent with our previous
observations (9, 10, 14). We assume, but do not know,
that the responses to different nutrients and mixed meals
would be similar – an oral glucose load is a relevant test
‘meal’, as it is frequently used to diagnose postprandial
hypotension (3).
In conclusion, the hypotensive response to small
intestinal glucose in healthy older participants appears
independent of the region or site of small intestine
exposed.
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