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Abstract
The lack of simple, non-invasive tests for a sub-clinical decline in insulin production hampers
detection of early-stage type 1 pre-diabetes. Pressure pain withdrawal threshold (PPT) is a
sensitive index of insulinopenia in diabetic and ‘pre-diabetic’ rats, but its ability to detect human
insulin insufficiency is not known; if predictive, PPT testing of those at risk for diabetes would be
warranted. To address this question, we used meta-analyses to demonstrate (i) a similar
relationship between blood glucose and insulin levels in humans and diabetic rats and (ii) the
predictive value of PPT for insulinopenia in a composite group (n=53) of control, streptozotocin
(STZ)-diabetic (STZ-HG), and normoglycemic (STZ-NG) rats. The frequency distributions of
pooled insulin levels (ng/ml) consisted of three sub-populations, with peak values of < 0.5, 1.5 ±
0.05, and 3.2 ± 0.04. Using the 2.3rd percentile of the sub-population with the highest insulin level
(2.81 ng/ml) as a cut-off to define insulinopenia, 40 animals (98% of STZ and 25% of controls)
were identified with compromised insulin production. The frequency distribution of pooled PPT
values also consisted of three sub-populations (peaks at 75.9 ± 0.6g, 97 ± 0.3g and 122 ± 0.8g),
and when 106 g (the 2.3rd percentile of the most pressure-tolerant sub-population) was used as a
cut-off, PPT measurements identified 92% of STZ-injected rats and 83% of rats with
insulinopenia, as defined by 2.81 ng/ml insulin cut-off. Assuming similar between-species pain
mechanisms, these findings support the potential usefulness of PPT measurements for detection of
early-stage human type 1 diabetes.
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Introduction
Onset of type 1 diabetes (T1DM) is preceded by several years of sub-clinical progression of
the disease, a stage called pre-diabetes, but existing tools for the detection of early stages of
T1DM, i.e., assays for insulin and islet cell antibodies, are, unfortunately, too costly to be
employed in large-scale screening studies. Our studies using the streptozotocin (STZ; β-cell
toxin) rat model of T1DM appear to have direct relevance to the clinical problem of
identification of subjects with pre-diabetes, by emphasizing two important issues [1-3]. First
in rats, like in humans, hyperglycemia does not occur until insulin production falls to less
than 25% of normal. Second, measurements of pain on pressure withdrawal thresholds
(PPT) in rats appear to be a substantially more sensitive indicator of insulinopenia than
either fasting or random glucose measurements. Because these previous observations were
made using relatively limited datasets, the present study used meta-analysis to (i) compare
blood-insulin profiles in diabetic patients and diabetic rats and (ii) re-analyze insulin –
glucose – PPT relationships after combining data from our previous and more recent,
unpublished experiments. The aim of present analysis was to evaluate whether a simple non-
invasive test, the pain pressure threshold assay, has prognostic value and reliably identifies
subjects whose putative insulin levels need to be tested to verify their status as pre-diabetic.

Materials and Methods
Human data

The PUBMED search was conducted for the abstracts containing combination of
“prospective / longitudinal / follow up”, “study / studies”, “type 1 / insulin- dependent
diabetes”, “first degree relatives / siblings” and “FPIR / first phase insulin response” words
or phrases. Follow-up studies with at least one FPIR measurement made before the
diagnosis of clinical diabetes were selected for further analysis. The back-bone study used in
our work is that by Vardi and co-authors [4] containing tabulated results of up to 30 per
subject first phase insulin response and fasting glucose measurements made in the study of
35 non-diabetic and non-obese first degree relatives of T1DM patients, 18 of which had
developed T!DM during average 43 months of follow up. The data collected in this latter
group of subjects were ranked and averaged accordingly to time before onset of diabetes or
FPIR and presented as circles in the Figures 1A and B, respectively. The data from other
sources were added to the Figure 1A as they published (triangles)

Animal data presented here are data obtained between 2004 and 2009 ([1;2] and
unpublished) and selected under conditions that all PPT, glucose and insulin were measured
for given animal within 24 hours of experiment. All experiments were conducted in accord
with National Institute of Health Guide for the Care and Use of Laboratory Animals and
protocols were approved by UAMS Animal Use Committee.

Male Sprague-Dawley rats (200 – 350 g., Harlan Inc., Indianapolis, IN) were used in all
experiments. After one week of acclimation to the animal facilities and behavioral test
environment, rats were randomly assigned to control and experimental groups (vehicle and
STZ, respectively). STZ was dissolved in a citrate buffer (pH = 4.5) immediately before
injection and given intraperitoneally (65 mg/kg) to rats fed ad libitum. On day 3 after
injection of STZ random blood glucose was measured and rats that developed
hyperglycemia (> 11 mM) or remained normoglycemic were designated as STZ-HG and
STZ-NG animals, respectively. During the 2 – 4 week long experiment, PPT values were
determined at regular, 2-3 days intervals. Random and/or fasting glucose levels were
measured at 3-7 day intervals using tail blood samples obtained by a pin-prick technique and
colorimetric Accu-Chek blood glucose monitoring system (Roche Diagnostics Corporation,
Indianapolis).
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In behavioral tests, dorsal hind-limb paw pressure pain withdrawal thresholds (PPT) were
determined using Randal-Selitto analgesia-meter and a standard for our laboratory technique
[1;2]. Briefly, 10 determinations of PPT per animal (5 per each hind limb with an interval
between sequential measurements greater than 10 minutes) were collected in each test
session, filtered using mean +/- SD cut-off, averaged for both limbs and expressed in grams.
Threshold force of linearly increasing pressure (16 g/s) was defined as a force that induces
the first physical attempt of the animal to escape the stimulus. To avoid tissue injury the cut-
off force was set to 250 g of pressure. In terminal experiments, blood was collected by a
ventricular puncture technique, and plasma separated by centrifugation (5000g, 5 min) and
stored at −20°C until insulin was measured. Insulin was determined using Ultra Sensitive
Rat Insulin ELISA Kit (Crystal Chem Inc., Downers Grove, IL) following the
manufacturer's protocol.

Best fit analysis of frequency distributions was conducted using a Levenberg-Marguardt
algorithm of χ2 minimization (Origin, Microcal, Northampton, MA). During the fitting
procedure all independent parameters of the fitted Gaussian functions (area, mean and
standard deviation) were allowed to vary.

Results
Figures 1A and 1B present the results of our meta-analysis of data derived from several
independent publications of studies by others [4-8]). Analysis of follow-up studies carried
out in first-degree relatives of patients with T1DM reveals that insulin production declines
without noticeable abnormalities in glucose metabolism for at least a 3 year-long period
prior to onset of hyperglycemia (Fig. 1A). Hyperglycemia only becomes manifest after the
first phase insulin release (FPIR) falls below about 0.6 ng/mL (Fig. 1B). Notably, the fasting
glucose and 2 h glucose levels obtained in oral glucose tolerance tests only cross the
thresholds (i.e., 5.6 mM for fasting glucose and 7.8 mM for 2h oral glucose tolerance test;
[9]) recommended for diagnosis of pre- diabetes by the American Diabetes Association
(ADA) about 6 months before the onset of overt disease [10]. Thus, ‘silent’ and progressive
decrements in insulin release are not readily detectable by glucose concentration or
clearance assays until disturbances in glucose metabolism become more robust, onset of
diabetes is imminent, and treatment protocols require insulin replacement as obligatory step.

When fasting glucose and plasma insulin concentrations were determined in the rats (21
control and 51 STZ rats, open and filled circles, respectively), the pattern of insulin
dependence on manifestation of hyperglycemia appears closely resembling that observed in
humans (compare Fig. 1B and C). The threshold insulin level is somewhat lower in the rat
(Fig. 1C), and this difference could, at least in part, be attributed to the differences of the
first response and random insulin values (human and rat experiments, respectively).
Regardless of this difference, blood glucose concentration in both humans and rats crosses
the level considered to be diagnostic of T1DM (7 mM for fasting glucose [FG], dashed lines
in Fig. 1B and C) only after insulin production fells below 25% of normal. Our data suggest
that same is also true for the insulin – random glucose level relationships in rats because
random hyperglycemia (resting glucose level > 11 mM) was never detected in rats in which
plasma insulin exceeded 0.5 ng/ml (13 control and 30 STZ rats; data not shown). Thus, both
in humans and rats, measurement of blood glucose concentration is a poor indicator of the
state of insulin production.

To evaluate the predictive value of PPT measurements for insulinopenia, we next selected
and pooled together our data from previous and unpublished experiments in which PPT and
plasma insulin were determined within the 24 hour period between tests (53 rats; Fig. 2).
First, the frequency distribution of pooled insulin levels was evaluated and found to consist
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of three sub-populations; the first group (insulin < 0.5 ng/ml) encompassed all 17 STZ-HG
rats, whereas the second and third groups (mean insulin 1.5±0.05 ng/ml and 3.2 ± 0.04 ng/
ml, respectively) comprised the STZ-NG and control rats (Fig. 2A). The majority, 75% of
control rats appeared belonging to third sub-population peaked at 3.2 ng/ml, therefore the
2.3rd percentile of this sub-population (2.81 ng/ml; Fig. 2A, vertical dashed line) was
defined as a cut-off separating “normal” and “abnormal” random insulin levels. In accord
with this definition, all but one (95%) STZ-NG rats and four (25%) of control rats could be
considered as having suppressed insulin production or categorized as pre-diabetic.

Neither fasting (3.7 mM) nor random (6.6 mM) mean glucose levels differed between the
STZ-NG and control groups. Therefore, the frequency distribution of PPT was next
analyzed (Fig. 2B). As above, the best-fit procedure identified three Gaussian sub-
populations (peaks at 75.9 ± 0.6g, 97 ± 0.3g and 122 ± 0.8g), with a cut-off PPT value of
106 g (2.3rd percentile of sub-population of most pressure-tolerant animals) that separated
normal and potentially metabolically-compromised animals (Fig. 2B, vertical dashed line).
Using this value, PPT measurements identified 100% of STZ-HG and 83% of animals with
insulin levels below 2.81 ng/ml cut-off (Fig. 2C).

Discussion
The major finding of this work is that in rats PPT constitutes very sensitive but indirect
measure of the level of circulating insulin. This simple and non-invasive test does not
substitute for the need for the hormone level measurements, but with about 80% certainty
and zero of false positive events, it allows identification of subjects (rats) in which tests for
insulin are highly recommended. Importantly, PPT identified 16 of 20 STZ-NG rats studied,
which otherwise, and unlike STZ-HG rats, can not be distinguished from age-matched naïve
control rats by appearance, behavior, weight, plasma glucose level, or glucose tolerance
[1;2]. These observations raise two critical questions: Are mechanisms linking insulin and
sensitivity to deep pressure similar between different species, and do PPT measurements in
humans have a similar predictive of insulinopenia value as observed in rats?

Overt hyperglycemia develops after insulin production fells below 25% of normal in both
humans and in rats (Fig. 1B and C). In rats, PPT starts to decline at substantially milder
degree of insulinopenia (~2 ng/ml vs. ~0.5 ng/ml of random plasma insulin; Fig. 2C).
Exaggerated pain on pressure is mostly a manifestation of abnormal activity of non-
myelinated and thinly myelinated muscle nociceptor pathways [11], but it is not clear what
determines high sensitivity of these nerve pathways to the level of circulating insulin
compared to the much lower sensitivity of systemic glucose homeostasis. Insulin might
control function of muscle nociceptors directly acting via nervous system cognate insulin
receptors (IR) or hybrid, insulin-insulin-like growth factor receptors (IR-IGFR), or indirectly
by promoting muscle nutritive blood flow and oxygen supply. Differences in densities of IR
and IR-IGFR, having high and low affinities to insulin, respectively, and differences in the
strength of intrinsic anti-oxidant defenses may dictate level of vulnerability of specific
tissues and mechanisms to insulinopenia. Importantly, poorly-compensated systemic insulin
resistance should have essentially the same effect on PPT as insulinopenia (reviewed in [3]).
Thus, pain on pressure may be a warning sign of T1DM as well as T2DM, and our
measurements of PPT in Zucker rat models of T2diabetes and pre-diabetes support this
suggestion [12]. Since basic mechanisms of metabolic control by insulin are similar between
vertebrate species, it is likely that close association between the level of insulin signaling
and pressure tolerance observed in rats will also be discovered in humans. With this respect
however, one of the major concerns is that STZ-NG rat is a model of induced acute
insulinopenia and because of the short life span even the rodent models of spontaneous
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diabetes/pre-diabetes (such as NOD mice) are limited in mimicking slowly progressing
human disease.

In people with diabetes and painful neuropathy, deep muscle pain and pain on pressure
constitute common symptoms that are experienced by 70-85% of patients [13;14].
Furthermore, prevalence of fibromyalgia in the general population of people with diabetes
exceeds that in healthy control adults by a factor of 6 - 10 [15]. As the pain from deep
somatic structures is a generally a frequent human clinical complaint, the techniques for
assessment of such pain are well developed [12;16]. In particular, pressure algometry is
frequently used for measurement of pressure hyperalgesia in people with fibromyalgia
[15-17] and reference threshold data and data on intra- and inter-individual variability of
PPT measurements in fingers and toes of control human subjects are available [18]. PPT has
not, however, been consistently measured in diabetic subjects, and it has never been
evaluated in people with pre-diabetes and in insulinopenic or insulin resistant first degree
relatives of diabetic patients. Therefore, the actual relationships between a decline in
peripheral action of insulin (whether it results from insulinopenia or insulin resistance) and
skeleton-muscular pain in humans remain to be established in studies that are not
complicated by effects of hyperglycemia, dyslipidemia, and neurodegenerative process.
Such studies are also the only way to determine whether PPT measurements may add to the
limited arsenal of existing tools allowing detection of human diabetes at its earliest stages of
progression.
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Figure 1.
Decline in first phase insulin release (FPIR) before the onset of human type 1 diabetes (A)
and relationships between FPIR (humans; B), random insulin (rat; C) and fasting glucose
(FG).
(A) FPIR starts to decline long time before the onset of human type 1 disease (zero of X-
axis). Circles represent FPIR data from patients who progressed to overt diabetes during an
average of 3.6 years of the follow-up studies of first-degree relatives of subjects with T1DM
(ranked and averaged data from Table 2 in [4]). The dashed line is a 10th percentile (2.8 ng/
ml) of FPIR of normal non-obese individuals with no family history of diabetes from the
study above. Triangles are results from similar studies in humans [5-8]. The solid line is the
linear regression model fit to the data shown by circles.
(B) In humans, fasting glucose crosses the threshold for diabetes (7 mM, dashed line) within
6 months prior to onset of diabetes, when FPIR declines to about 0.5 ng/ml (arrow). Circles
represent re-arranged and re-calculated data from Table 2 in [4]. Solid line is drawn by eye.
(C) In rats with STZ-induced pancreatic injury (open circles), fasting glucose exceeds the
threshold for diabetes (7 mM, dashed line and arrow) in only those animals in which random
plasma insulin was decreased below 10% of average insulin level of control rats (~3.5 ng/
ml, filled circles). Data are from the current study. Each symbol represents individual
animal. Solid curve is drawn by eye.
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Figure 2.
Frequency distributions of random blood plasma insulin (A), PPT (B) and relationship
between PPT and insulin values measured in control and STZ-injected rats (total 53
animals).
(A) Frequency distribution of insulin values measured in the pooled population of STZ and
control rats and fit with two Gaussian distributions model (solid curves). Data on insulin
levels in STZ-HG, diabetic rats (left-most column) were not included during the fit
procedure. The vertical dashed line denotes 2.3rd percentile for the right-most distribution,
which was used as a cut-off value to define abnormal, reduced insulin production.
(B) Frequency distribution of PPT values measured in pooled population of STZ and control
rats and fit with the sum of three Gaussian curves (solid and dashed curves). The vertical
dashed line represents the 2.3rd percentile for the right-most distribution, which was used as
a cut-off value to separate rats with a decreased tolerance in the paw-pressure test from those
with normal tolerance.
(C) PPT and insulin values measured in control, STZ-NG and STZ-HG rats (closed, half-
filled and opened circles, respectively; each symbol represents an individual animal).
Horizontal and vertical dashed lines indicate respectively insulin and PPT cut-off values,
defined as above.
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