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Abstract

Background Therapeutic interventions for diabetes are most effective when administered in the newly onset phase,
yet determining the exact onset moment can be elusive in practice. Spontaneous autoimmune diabetes among
NOD mice appears randomly between 12 and 32 weeks of age with an incidence range from 60 to 90%. Furthermore,
the disease often progresses rapidly to severe diabetes within days, resulting in a very short window of newly onset
phase, that poses significant challenge in early diagnosis. Conventionally, extensive blood glucose (BG) testing is
typically required on large cohorts throughout several months to conduct prospective survey. We incorporated
ultrasensitive urine glucose (UG) testing into an ordinary BG survey process, initially aiming to elucidate the lag period
required for excessive glucose leaking from blood to urine during diabetes progression in the mouse model.

Results The observations unexpectedly revealed that small amounts of glucose detected in the urine often coincide
with, sometimes even a couple days prior than elevated BG is diagnosed. Accordingly, we conducted the UG-based
survey protocol in another cohort that was validated to accurately identified every individual near onset, who could
then be confirmed by following few BG tests to fulfill the consecutive BG + criteria. This approach required fewer

than 95 BG tests, compared to over 700 tests with traditional BG survey, to diagnose all the 37-38 diabetic mice out
of total 60. The average BG level at diagnosis was slightly below 350 mg/dl, lower than the approximately 400 mg/d|
observed with conventional BG monitoring.

Conclusions We demonstrated a near perfect correlation between BG+and ultrasensitive UG+ results in prospective
survey with no lag period detected under twice weekly of testing frequency. This led to the refined protocol based

on surveying with noninvasive UG testing, allowing for the early identification of newly onset diabetic mice with only
a few BG tests required per mouse. This protocol significantly reduces the need for extensive blood sampling, lancet
usage, labor, and animal distress, aligning with the 3Rs principle. It presents a convenient, accurate, and animal-
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friendly alternative for early diabetes diagnosis, facilitating research on diagnosis, pathogenesis, prevention, and

treatment.
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Background

The non-obese diabetic (NOD) mouse is the primary
animal model for investigating diabetes resulting from
immune dysregulation. Spontaneous autoimmunity
begins at 2—-3 weeks of age, progressively targeting and
destroying the exclusive insulin-producing cells, B cells,
in the pancreatic islets of Langerhans. This process ulti-
mately leads to insulin deficiency and the onset of diabe-
tes symptoms resembling human type 1 diabetes between
12 and 32 weeks of age [1, 2]. However, unlike human
cases, NOD mouse model exhibits strong sex bias with a
higher incidence in female mice ranging from 60 to 90%
and a lower incidence in male mice ranging from 20 to
50%, depending on the individual colony [3, 4]. Given
the importance of early intervention in autoimmune
diseases, identifying mice near or newly diabetes onset
is crucial for therapeutic treatments [5-7]. BG testing is
the conventional standard for diagnosing diabetes, with
a BG level exceeding the threshold (ranging from 200 to
400 mg/dl) in one or two consecutive tests to confirm the
overt diabetes state [8—10]. Consequently, extensive BG
testing on large cohort spanning the entire onset window,
approximately a 5-month period, is typically required to
identify these randomly appearing onset mice. Further-
more, the disease often progresses rapidly to become
severe diabetes in few days, leaving a very short window
of newly onset stage for diagnosis, which makes the iden-
tification of newly onset mice very challenging.

The normal state of urine is typically devoid of glucose
due to the renal reabsorption process [11], with the maxi-
mal reabsorption rate of glucose in the blood estimated
at approximately 180 mg/dl [12]. In individuals with dia-
betes, where BG levels are frequently exceeding, exces-
sive amount of glucose is excreted into the urine. This
can be easily detected by color-graded, semi-quantitative,
UG strips, providing an alternative and noninvasive diag-
nostic indicator for diabetes [13]. Conventionally, the
sensitivity of UG strips is around 50 mg/dl, and their pos-
itive threshold appears to align with BG levels in diabetic
conditions, approximately ranging from 180 to 250 mg/
dl [14]. Therefore, it is generally believed that glucose
detected in urine at such high levels is considered as a
lagging indicator that may not be suitable for newly onset
diagnosis alone. Some studies have utilized both BG and
UG testing together [15—17] but to our knowledge, none
of the literature has specifically compared the screening
results between BG testing and UG testing in identifying
individuals near diabetes onset.

This study was originally aimed to understand the gap
window of glucose leaking from blood to urine dur-
ing the diabetogenic process of NOD mice. Part I study
introduced UG testing into a conventional BG-based
survey protocol, focusing on systematically observ-
ing each diagnostic moment of every individual mouse.
Additionally, observation was conducted using ultrasen-
sitive glucose strips, which are 10 times more sensitive
than traditional ones, aiming to detect glucose leakage as
early as possible. Part I results revealed a highly synchro-
nized correlation between UG+and BG+results when
incorporating ultrasensitive UG testing. These observa-
tions also suggest that performing BG testing only when
the first UG+result is detected in a given mouse can
also efficiently identify the day of diabetes onset, similar
to surveys conducted solely by regular BG testing. We
applied this conclusion to survey another cohort of NOD
mouse in Part II study, initially using UG testing alone,
followed by validation of onset through subsequent BG
testing. This approach resulted in even earlier diagnosis
with fewer than 95 BG tests, compared to over 700 BG
tests conducted in Part I among 60 mice each. Here, we
systematically present the BG levels at each diagnosed
moment from both protocols and proposed the utility of
ultrasensitive UG testing to better identify newly onset
NOD mice, aligning with the 3Rs principle as a refined
protocol in animal research.

Methods

Mice

All animal experiments in this study were conducted in
accordance with the guidelines of the Institutional Ani-
mal Care and Use Committee (IACUC) of National
Laboratory Animal Center (NLAC), and the study was
approved by the IACUC ethics committee under pro-
tocol NLAC(TN)-110-M-007-R1 and NLAC-111-M-
022-R2. The NOD/ShiLt]-Narl strain of mice, which
originated from NOD/ShiLt], were used in this study.
They were bred as a substrain for over 25 generations in
the AAALAC-accredited facility at NLAC of NARLabs
in Taiwan under specific pathogen-free (SPF) conditions.
The mice were fed a 5% fat diet (LabDiet 5010 formula-
tion) and provided with water ad libitum. They were
housed under a 12-hour light/12-hour dark cycle at room
temperature (2112 °C) with 55-65% relative humidity.
Total 120 female mice were used in this study (60 mice
each in Part I and Part II experiment), and non-fasting
BG and UG measurements were performed between
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12 and 32 weeks of age to identify newly onset diabetic
individuals for therapeutic antibody treatment [18]. The
original estimation was to obtain 72 newly onset mice
for 3 predesigned groups, 24 mice in each group of posi-
tive control, negative control and experimental group.
12 mice in each group were used to validate the efficacy
of treatment and the other half of 12 mice were used to
explore the immunological mechanism behind the treat-
ment effect. The incidence was estimated at minimal
level of 60% and therefore total 120 mice were subjected
for diabetes survey in this report. This study specifically
focused on the methodology and data before diabetes
onset without concerning the treatment effect. Although
a few BG levels might be measured a couple of days
after treatment, these few data do not affect the overall
conclusions.

Diabetes monitoring

Non-fasting BG measurements were performed using
the ACCU-CHEK Guide glucometer (Roche Diabe-
tes Care GmbH, Germany). Human finger lancets were
used without a panhandle to puncture the distal tail
vein, taking only 2-3 pl of peripheral blood for each
measurement. BG levels above 240 mg/dl were con-
sidered as BG+ [13, 19, 20]. The summary of BG data is
shown by mean+SD, and the statistical analysis method
is described in the contain. The UG measurement was
performed using QUANTOFIX Glucose strips (Item
No. 91,348) of MACHEREY-NAGEL, Germany. This test
strip is extremely sensitive to detect glucose at 0.005%
(w/w, equal to 50 mg/l or 5 mg/dl in this report) concen-
tration which is 10x more sensitive than conventional
test strips. Usually, mice naturally urinate during han-
dling, and if not, gentle pressure is applied to the bladder
area to promote urination. The last drop on the tip of the
urethral meatus, which only contained 2-3 pl urine, was
applied to the strip, and then waited for 30 s for the color
to stabilize. The ultrasensitive glucose strip results can be
visually categorized into seven color grades, ranging from
a typical yellow hue to a deep dark green. These colors
correspond to glucose concentrations of 0, 5, 10, 25, 50,
100, and 200 mg/dl, respectively. For better contrast to be
recognized [21, 22], the fourth level (light green, >25 mg/
dl of glucose) determined by visual evaluation was used
as a threshold for binary classification, where UG levels
higher than or equal to this color depth were considered
positive. In Part I, BG and UG testing were initially con-
ducted together once a week on the same weekday for
diabetes survey. In Part II, UG testing were used solely in
twice a week frequency to survey positive candidates. BG
testing were performed only on UG +individuals starting
from the 1st UG+day until cBG+status was observed as
diabetes onset.

Page 3 of 11

Statistical analysis

The statistical methodologies employed in this study
included Kaplan-Meier survival analysis for calculating
the accumulative incidence of diabetes in animals. For
intragroup comparisons within Part I and Part II, blood
glucose levels underwent Tukey’s multiple comparison
test of ANOVA analysis at a significance level (a) of 0.05.
Intergroup comparisons of blood glucose values were
performed using unpaired ¢ tests, with corresponding p
values <0.05 as significant difference in the Results. These
statistical approaches facilitated a comprehensive and
rigorous examination of diabetes onset and blood glucose
dynamics at each diagnosis moment.

Results

The Part I experiment employed the conventional BG-
based survey approach and incorporated ultrasensitive
UG testing to investigate their correlation during the
development of diabetes. In the Part II experiment, ultra-
sensitive UG testing were utilized alone to screen positive
candidates, who were subjected to intensive BG testing to
confirm overt diabetes onset.

Part I: the appearance of BG + and UG + before diabetes
onset

In Part I, the diagnosis primarily focused on BG test-
ing that initially conducted once a week for diabetes
survey in 60 female NOD mice. In addition, UG testing
were performed on ultrasensitive glucose strips right
before BG testing to explore their correlation. The mea-
surement frequency was specifically increased to twice
a week when a given individual was first diagnosed of
BG+ (>240 mg/dl) or UG+ (>25 mg/dl). To elucidate
the status near diabetes onset, we plotted the age at
which animals were diagnosed with UG+and BG+for
the first and second time in Fig. 1, denoted as 1st UG+,
1st BG4+, 2nd UG+, and 2nd BG+, respectively. Within
the observation period between 12 and 32 weeks of age,
there were total 38 mice characterized as overt diabe-
tes which had been diagnosed with two consecutive
BG+results, denoted as ¢cBG+. The overall incidence
of the female NOD/ShiLtJNarl substrain mice is 63.3%
(38/60) shown as accumulative incidence in supplemen-
tary Fig. 1 and all the record is attached as supplementary
data of worksheet format. Conclusively, in the initial once
weekly sampling frequency, 1st UG+and 1st BG+can
be detected at the same time in majority of mice 84.2%
(32/38) regardless of onset types. Interestingly, there
were 5 mice where 1st UG+can even be detected prior
than 1st BG+denoted as “UG+first” in Fig. 1. Nonethe-
less, 4 of these 5 mice were quickly found to be BG+in
the next test, while the remaining mouse was found to be
BG+11 days after 1st UG+. Only one mouse presented
with BG+prior to UG+ (denoted as BG+first in Fig. 1),
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Fig. 1 The appearance of BG+and UG +are highly synchronized in Part | during the weekly diabetes survey. Each line represents an individual of diabetic
mouse in Part I marked by the age diagnosed for the 1st and 2nd BG+ (gray circle and black circle) alongside the 1st and 2nd UG+ (open circle and open
triangle). The period before the diagnosis of 1st BG+is depicted by gray bars, encompassed 263 BG tests in these 38 diabetic mice alone. Additionally, the
rest 22 non-diabetic mice underwent 398 BG tests throughout the entire observation window without yielding positive results. The duration between 1st
and 2nd BG +are illustrated by black bars. Mice are categorized based on two types of diabetes onset: the acute type (33/38, 86.8%) where 1st and 2nd
BG +occur consecutively with short black bars, and the insidious type (5/38, 13.2%), where 2nd BG +is observed a week or longer after 1st BG+, resulting
in extended black bars in the upper part of the figure. Most importantly, 32 out of 38 mice (84.2%) exhibit 1st UG+and 1st BG+ simultaneously (indicated
by vertically overlapping open and gray circles in the middle part). The 5 mice in the 1st UG+ first group can be also diagnosed of their own 1st BG+re-
sults in the following tests. These findings strongly suggest that during the progression of spontaneous diabetes, the appearance of 1st UG+ results
precedes or coincides with the 1st BG+, indicating a potential use of ultrasensitive UG test as a primary survey approach

who was first diagnosed with 261 mg/dl as 1st BG+but
remained normal in UG result until 4 days later in the
next test when both BG+and UG+ were observed.

Part I: the timeline of BG +and UG+ near diabetes onset

To further dissect the near onset window, the day of
1st BG+was set as day O and the timeline was ana-
lyzed accordingly shown in Fig. 2. Tests were conducted
twice a week at that time, so that the output does not
reflect daily measurements but provides a general over-
view of the onset timeline. Majority (33/38) of the 2nd
BG+were found right after the 1st BG+within 3 to 4
days in the next scheduled test, fulfilling the definition
of cBG+and defined as acute type of onset. However,
if the 2nd BG+appeared after day 7, which meant at
least one test in between did not meet criteria of BG+,

resulting in a prolonged onset duration that classified as
the insidious type. Nonetheless, they will still be diag-
nosed with cBG+within subsequent tests from day 11
to day 18. During this insidious period, the occurrence
of 2nd UG+was observed to precede or coincide with
2nd BG+in 3 and 2 cases, respectively (Fig. 1), thereby
confirming the indicative role of UG+in predicting the
upcoming BG+result. It has also been proposed that the
progression of onset possibly reflect the degree of dete-
rioration and potentially affect the outcome of treatment
[9, 23, 24]. Therefore, we stratified the data to show these
two types of mice accordingly. Most importantly, 1st
UG+represented as a leading indicator here that once it
is diagnosed, approximately 97.4% of mice (37/38) can be
found of 1st BG+within the next 11 days including the
majority of 84.2% (32/38) that were found in the same



Liao et al. Laboratory Animal Research (2024) 40:16

Page 5 of 11
Insidious
type
I 1
v v Yy v Yy
[ ) o O o o
L |
A A

Acute
type
P '
cBG+ - ' . v
2nd BG+ - | | .
g 1
2nd UG+ - s A Ao
1st UG+ first  :
—
1St UG+ 1° ee 1st88+ﬁrst
Trrrrrrrrrrri }
™1

Days to 1st BG+

Fig. 2 Diabetes onset timeline of Part . The 1st BG + day of each diabetic mouse in Part | is set as day O (aligned by the dashed line) and the corresponding
days of diagnosis for 1st UG+, 2nd UG+, 2nd BG+, and cBG+are plotted accordingly to illustrate the onset timeline. The majority of mice (32/38) exhibit
a simultaneous diagnosis of both 1st UG+and 1st BG+on the exact same day, represented by condensed open circles on day 0. The 5 open circles on
the left indicate their 1st UG+day appearing a couple of days earlier than day 0, forming the 1st UG+ first group. In the mouse with 1st BG+first, the
1st UG +day occurs four days after day 0, shown as the only open circle on the right of the dashed line. Symbols in the figure maintain consistency with
those in Fig. 1, and group labels are displayed on the y-axis, with additional cBG +denoted by a reversed black triangle. This figure suggests that the UG
test can predict the 1st BG+moment effectively and has the potential to replace routine weekly BG survey initially. Furthermore, 2nd BG +and cBG +can
be uniformly diagnosed within days 3 to 5 in the acute onset group, a sharp contrast to the insidious onset group. To better distinguish these two onset
types, frequent BG tests starting from day O are essential. Therefore, we next focus on using ultrasensitive UG tests to identify the 1st BG+moment of
individual candidates and subsequently perform intensive BG tests to achieve early diagnosis as soon as possible

day. This observation also indicated the potential to sub-
stitute routine BG testing with UG testing to efficiently
address the 1st BG+moment of each NOD mice.

Part I: the BG testing and level at each moment

Considering the progression of BG level along with dia-
betes development, we further plotted the change of
BG levels of individual mouse at designated moment
in Fig. 3. Despite the short interval of only few days,
we observed a trend that the average BG level slightly
increased from 1st UG+of 327178 mg/dl to 1st BG+of
347 +64 mg/dl, although it didn’t reach the statistic sig-
nificance (p=0.63). Tukey’s multiple comparison test of
ANOVA analysis revealed significance exist in BG levels
of 1st UG+vs. 2nd BG+/cBG+, which further protrude
the potentially earlier stage of near onset mice at lower
BG level detected from 1st UG+ candidates. During the
comprehensive weekly survey of spontaneous autoim-
mune diabetes in NOD mice, we observed the high

degree of synchronization between UG+and BG+results
and figured the 1st UG +result can effectively reflect the
1st BG +status exceeding the predetermined threshold of
240 mg/dl. These findings suggest the existence of small
amount of glucose is observed at approximately the same
time, sometimes even earlier, then detectable hyper-
glycemia via BG testing. Considering the enormously
efforts to approach these valuable 1st BG+moment, indi-
vidual sampling window were presented by horizontal
grey lines of 38 diabetic mice shown in Fig. 1, which is
a total of 263 BG tests till 1st BG+. Subsequent BG test-
ing until cBG+required another 52 BG tests to achieve.
Additionally, there were 22 non-diabetic mice that had
been undergone 398 BG tests in the entire exam dura-
tion, much greater than needed for diabetic ones, but
failed to reach the BG+threshold, neither shown in the
figures. Taken together, diabetes monitoring of 60 mice
took more than 700 BG tests (263+52+398) across 20
weeks in order to identify 38 newly onset mice in Part I
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Fig. 3 BG levels at each diagnosis moment in Part |. Average BG levels are presented as mean +SD on the right, analyzed using Tukey's multiple compari-
son of ANOVA test. All statistical significances are indicated on the right: one asterisk (*) for p value <0.05 and two asterisks (**) for p value <0.01. Symbols
remain consistent with previous figures, and group labels are displayed on the y-axis. In instances where the 1st UG+and 1st BG+are identified on the
same day (similarly for 2nd BG+and cBG+), they share the same BG level, represented as vertical lines. The average BG level at the 1st UG+moment is
found to be comparable to that at the 1st BG+moment but significantly lower than the levels at the 2nd BG+and cBG+moments, indicating a gradual
increasing trend. The BG level of mice confirmed at the cBG+moment is measured at 383 +74 mg/dl, representing a definitive onset of newly diagnosed

diabetes

that, according to our current results, can be potentially
achieved by faster, cheaper, and non-invasive ultrasensi-
tive UG testing for surrogate.

Part II: the BG results after UG + have been validated near
diabetes onset

In Part II, the diagnosis was then focused on UG results
to test the detection efficiency. We increased the UG test-
ing frequency to twice a week in another 60 female NOD
mice and performed intensive BG testing for 3—4 times
a week since the 1st UG+moment. Interestingly, when
diagnosed age of UG+and BG+were plotted accord-
ingly as in Fig. 1, identical distribution was observed in
Part II shown in Fig. 4. When 1st UG+were detected,
81.1% (30/37) of mice were identified of 1st BG+at the
same time. The rest 18.9% (7/37) were first found of 1st
UG+, with BG levels ranging from 200 to 234, which
appeared approaching but yet reaching the threshold of
240 mg/dl. Nevertheless, 1st BG+can all be subsequently
diagnosed within the next few tests after 1st UG+had
been detected. Specifically, when the onset timeline
is aligned with the 1st BG+day as day O in Fig. 5, the
1st UG+result could lead 1 to 11 days ahead of the 1st
BG+in this respect. Majority 83.8% (31/37) of the 2nd
BG+can be detected within 4 days post 1st BG+, which
is nearly the same in Part I of 86.8 (33/38). Considering
the normal test results in the previous week, elevated BG

exceeding pre-determined threshold (240 mg/dl in this
report) can dramatically take place within just few days
and these mice are characterized as acute type of diabetes
onset (stratified in Figs. 1, 2, 4 and 5). In contrast, there
are also minor cases (13.2% in Part I and 16.2% in Part
II) characterized as insidious type of onset, where the BG
level fluctuated and didn’t get consecutive BG+results
until weeks later. These two types of onset can't be dis-
tinguished on the 1st BG+day, which makes the identi-
fication of newly onset moment even more challenging
and laborious. However, convenient UG survey in Part
II allows us to easily focus on intensive BG testing after
1st UG+was detected. The BG sampling interval was
reduced to as little as one day, especially within the first
few days of diagnosis, compared to the fixed sampling
interval of 3-4 days used in Part I. Therefore, 78.4%
(29/37) of mice were found of 2nd BG +consecutively on
the next scheduled test after 1st BG+ (day 1-3 in Fig. 5)
to confirm as newly diabetes onset by only two BG tests
each, and in these cases the moment of 2nd BG+and
cBG+as well as their corresponding BG levels will be
the same. Only two mice showed fluctuation of BG lev-
els transiently below 240 mg/dl between day 1-2 (Fig. 5,
half black symbols) that results in delayed of cBG+data
to the 3rd BG+moment (consecutive from 2nd BG+) but
soon confirmed diagnosis in day 5—6. For cases where
2nd BG+did not appear within 4 days after 1st BG+, we
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Fig. 4 Appearance of UG+and BG+in Part Il survey with refined protocol. Each line represents an individual diabetic mouse in Part Il. The period sur-
veyed by the UG testing is illustrated by open bars, concluding at the age of each 1st UG+moment represented as open circles. This contrasts with the
gray bars of BG testing in Fig. 2, as these have been replaced with the non-invasive UG testing in Part II. BG testing were then immediately performed
starting from the day of the 1st UG+, with corresponding ages for the 1st and 2nd BG+ marked with gray circles and black circles, respectively. The 2nd
UG+is indicated with open triangles, and the duration between 1st and 2nd BG +is represented by black lines. Mice are categorized based on two types
of diabetes onset: the acute type (31/37, 83.8%), where 1st and 2nd BG+occur consecutively with very short black lines, and the insidious type (6/37,
16.2%), where the 2nd BG+is observed a week after the 1st BG+, resulting in extended black lines in the upper part of the figure. The majority of mice,
30 out of 37 (81.1%), exhibit their 1st UG+and 1st BG+simultaneously in the same day, indicated by vertically overlapping open and gray circles in the
middle part. Using this refined protocol, it takes less than 50 bleedings to identify the 1st BG+moment in these 37 diabetic mice. Additionally, hundreds
of negative BG results are saved among the 23 non-diabetic mice. Interestingly, during the twice-weekly UG survey, 7 mice are found to have UG+ first
(while BG remains normal), followed by their own 1st BG+results in subsequent tests. These findings strongly suggest that during the progression of
spontaneous diabetes, the appearance of a small amount of glucose in the urine primarily coincides, and sometimes even precedes, the 1st BG+mo-
ment, making the ultrasensitive UG testing an excellent tool to assist in diabetes diagnosis

continued the twice-weekly UG survey until next UG+to
initiate another round of BG testing.

Part ll: the BG testing and level at each moment

Although the 7 mice of UG +first group underwent a few
additional BG tests, identification of the 1st BG+among
total 37 diabetic mice in Part II required 47 BG tests only
which in sharp contrast to the 650 BG tests conducted
in Part I. Subsequent BG testing until cBG+is validated
takes another 46 BG tests. Consequently, diabetes mon-
itoring of 60 mice in Part II took less than 95 BG tests
(47+46) to identify all the 37 newly onset mice. One of
the primary reasons for this efficiency is our refined
protocol, which conserved numerous BG tests for the
remaining 23 mice (out of a total of 60) that did not

develop diabetes (Supplementary Fig. 1). In order to bet-
ter understand the quality of our diagnosis, the BG level
at different moments were plotted in Fig. 6. Average BG
levels are comparable at 1st UG+moment between Part
I and Part II, measuring 327+78 mg/dl and 31675 mg/
dl, respectively (unpaired ¢ test, p=0.536). Nonethe-
less, intensive BG testing within the initial 4 days since
1st BG+moment substantially reduces the diagnostic
period, contributing to significantly lower cBG+level
at confirmed diabetes onset between Part I and Part II,
measuring 383%74 vs. 347168 mg/dl (unpaired ¢ test,
p=0.033). The efficiency of early diagnosis in Part II is
further evident in the relatively consistent BG levels from
1st UG+to c¢BG+, measuring 316+75 to 347+68 mg/
dl, with a trend of slight increase but statistically
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We conclude that the 4-day interval from day 0 is crucial for onset determination, especially on day 1 (22/37, 59.5%). When the earliest onset moment is
required, daily measurements from day 1 to 4 provide the best resolution (31/37, 83.8%). Moreover, in both types of onset, all the cBG +in both Part I and
Il can be detected within 4 days from the previous BG+, indicating that the potential fluctuation of BG level (in insidious types of onset) may not exceed
4 days in overt diabetes onset conditions. Considering the frequency of diagnosis substantially determines the definition of “consecutive BG+" with dif-
ferent time intervals, our data suggest that following BG+ (from the previous BG+) within 4 days can be considered as the onset to better identify newly

diabetic animals

insignificant (Part II, Tukey’s multiple comparison test of
ANOVA analysis, a=0.05). In contrast, twice-weekly BG
sampling in Part I (Fig. 3) led to a significant elevation of
BG levels from 1st UG+to ¢cBG+, measuring 327+78 to
384+74 mg/dl, emphasizing the importance of intensive
BG testing during the initial 4 days following the 1st BG+.

Summary

Through comprehensive UG testing at ultrasensitive lev-
els performed together with BG testing, we discovered
a nearly synchronized correlation between UG levels
exceeding 25 mg/dl and elevated non-fasting BG level
above 240 mg/dl in NOD mice. As a result, we propose
and validate a UG-based survey protocol that proves to
be highly useful in diabetes monitoring. There is no dif-
ference in terms of onset timing, incidence rate, or BG
level at 1st BG+moment surveyed by BG testing in Part

I and UG testing in Part II. However, it takes more than
700 B@G tests in Part I while UG-based survey of Part II
significantly reduced to fewer than 95 BG tests required
to complete entire survey of each 60 mice across the 20
weeks onset window. These results suggest that UG sur-
veys can be used as a refinement option to identify near
onset mice, but the true timing of onset needs validation
by 2nd BG+and/or cBG+, as the disease can fluctuate for
a while in small population. The initial 4 days after 1st
BG+-can be crucial to confirm the onset status. If vali-
dation occurs within 4-5 days, it is considered an acute
type of onset, which accounts for approximately 85% of
the total onset. If validation occurs longer than 7 days,
it belongs to insidious type of onset, which accounts for
about 15% of the total diabetic mice. Furthermore, the
average BG level confirmed at the newly onset moment
of cBG+in Part II is below 350 mg/dl, significantly lower
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Fig. 6 BG levels at each diagnosis moment in Part Il. Average BG levels are presented as mean+SD on the right. Symbols maintain consistency with
previous figures, and group labels are displayed on the y-axis. In instances where the 1st UG +and 1st BG+are identified on the same day (similarly for 2nd
BG+and cBG+), they share the same BG level, represented as vertical lines. The average BG level at the 1st UG+moment is 316+ 75 mg/dl, comparable to
the cBG+moment of 347 £68 mg/dl when overt diabetes is validated. In contrast with the Part | study where cBG level was at 383 + 74 mg/dl, an unpaired
ttest revealed a significantly lower BG level (p=0.03) screened by this refined protocol. Tukey’s multiple comparison of ANOVA test revealed no statistically
significant differences within any two of these values in Part I, suggesting rapid diagnosis within short period (mostly <4 days) from 1st UG+moment to

achieve a more efficient newly onset diagnosis

than 383 mg/dl in Part I, which also indicates the earlier
stage it can detect in the newly onset phase. Since UG
survey is noninvasive to animals, more user-friendly,
cost-effective, and can shorten the interval time while
improving accuracy, we strongly recommend it as a con-
venient survey protocol for newly onset diabetes in NOD
mice.

Discussion

Diabetes can be monitored by routine BG and UG sur-
veys [25] but continuous BG data are usually preferable
over categorical UG data for researchers who initially
thought continuous values will be clearer for interpreta-
tion. However, BG levels exhibit significant fluctuations
near diabetes onset [9, 26] which are often confusing to
determining the “consecutive” BG+moment instantly.
Extensive BG measurements are therefore required to
perform regularly on dozens of mice in order to accu-
rately identify the near onset individuals. While it has
been reported that under physiological conditions, the
kidney could occasionally excrete small amounts of glu-
cose into urine in cat [27] and dog [28], our own expe-
rience with mice indicates that urine is nearly devoid of
glucose. The presence of even a small amount of glucose

in mice urine suggests that a BG disorder has persisted
long enough to surpass the renal reabsorption threshold,
becoming evident as an indicator of imminent diabe-
tes onset. Previous studies have reported that glucose is
metabolized rapidly in vivo with half-life approximately
only 5 minutes [29] and the majority of un-reabsorbed
carbohydrate molecules in mouse blood can be excreted
into urine within few hours [30]. The short period of
excess glucose from blood excreted to urine explains why
the majority of the 1st BG+and 1st UG+events (~85%)
are co-diagnosed on the same day in diabetic individuals.

Additionally, approximately 15% of animals were
detected of UG+prior to their first BG+. These mice
cloud be ignored in conventional BG survey as they fail
to meet the BG criteria. These UG+first animals must
have experienced temporally elevated BG levels then
return to normal at the UG+ moment. The exact BG level
and duration required to cause UG +remains unclear, but
transient dysregulation of glucose cloud also indicate the
pre-diabetes status typically observed before overt dia-
betes onset. Our results also suggest that ultrasensitive
UG detection is beneficial in identifying these mice, all of
which were later confirmed to approach the onset, serv-
ing as a reliable indicator for early diagnosis. Only one
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animal was detected of 1st BG+prior to UG+. At that
time, its BG level was slightly higher than the threshold
of 240 mg/dl but had not accumulated long enough to
trigger UG+. We suspect that this mouse was detected
right at the very beginning of BG+but yet accumulate in
the urine. Given the once-weekly testing frequency, the
probability of such a case is less than 3%, which can be
further reduced in the twice-weekly survey process.

In addition to the 38 and 37 animals characterized as
diabetic in Part I & II, respectively, three animals were
diagnosed with 1st BG+/UG+at different time points,
and one animal was UG+but BG-. However, their test
results returned to normal throughout the rest of obser-
vation window. These findings together with the exis-
tence of 15% insidious type of onset mice suggest two
positive test results are required to define overt onset.
The ability to detect 1st BG+efficiently allows for inten-
sive measurements within the week afterward. Our data
suggest that daily measurements within four days after
1st BG+provide the best window of diagnosis, with
84% of 2nd BG+occurring within this time, which cov-
ers almost all acute type of mice. However, intensive
BG measurement also altered the definition of consecu-
tiveness, which was initially 3—4 days before 1st UG+/
BG+then became 1 day afterwards. Once BG level falls
below the threshold, two consecutive BG+tests must be
re-accumulated to meet the definition of overt onset, as
shown in Fig. 5, where two data points of 2nd BG+do not
equal with ¢cBG+ (half black symbols). We found that the
BG levels of these two animals returned to normal on day
1 but became BG+again on day 3—4. This suggests that
the BG levels could potentially fluctuate for 4 days. When
the test interval is set to 3—4 days apart as in Part [, it may
cross the intermediate fluctuation and directly meet the
criteria of cBG+. This also explains why the 2nd BG+and
cBG+of the acute type in Part I completely overlap
between day 3-5 (Figs. 2 and 5) without any individual of
fluctuation. This study focused on efficient diagnosis and
we propose the 4 days interval can be crucial in design-
ing the survey protocol. Therefore, we recommend the
twice-weekly screening frequency to avoid the detection
gap between the potential fluctuations, although once or
twice weekly survey did not result in significant differ-
ence on 1st BG+level between Part I and II.

Early onset period is crucial for diabetes treatment [7],
but screening of NOD mice in the newly onset phase can
be laborious and challenging. When BG levels before
onset are not absolutely required for studies, conduct-
ing massive BG tests to identify near onset mice can be
extremely inefficient. Our refined protocol employs a
twice-weekly survey to screen UG+ candidates then sub-
jected them to intensive BG testing until cBG+results is
validated as overt onset. When even more precise onset
timing is crucial for certain experiments, we suggest
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conducting daily BG measurements starting from the
day of the 1st BG+for four consecutive days. This will
instantly identify acute type of onset and distinguish
them from insidious type, which require further test-
ing later. This refined protocol not only improves animal
welfare by reducing the stress and discomfort associated
with frequent blood sampling but also reduces labor and
costs, allowing researchers to diagnose the onset of dia-
betes more efficiently, cost-effectively, and accurately.

Conclusions

Our study demonstrated that detecting the small
amounts of glucose exceeding approximately 25 mg/dl
in the urine serves as a significant indicator for impend-
ing diabetes onset in the NOD mouse model. This cor-
relates almost perfectly with BG levels exceeding 240 mg/
dl, with no lag period found. Consequently, we have vali-
dated the feasibility of applying noninvasive UG testing
at the ultrasensitive level to screen UG+candidates for
subsequent intensive BG testing, efficiently identifying
every newly diabetes onset mouse with few BG tests per
mouse. In the cohort of 60 mice, the conventional BG-
based survey protocol requires over 700 BG tests, while
our UG-based refined protocol takes fewer than 95 BG
tests to complete the entire survey. Furthermore, this
protocol demonstrates higher sensitivity to detecting
newly onset diabetes at lower BG levels (~350 mg/dl)
than the conventional approach (~400 mg/dl). Taken
together, our study provides an exemplary case as well
as the fundamental principle for researchers to better
arrange their own survey scheme with minimal effort.
Additionally, conducting UG tests is a cost-effective
alternative to BG tests, with each UG test costing only
approximately 1/10 of a BG test. From the perspective of
the 3Rs, this refined protocol potentially saves hundreds
of bleeding procedures and unnecessary animal suffering
during batch screening, minimizing the associated stress
and discomfort and serving as an efficient alternative for
the identification of newly onset NOD mice that facili-
tates research on the diagnosis, pathogenesis, prevention,
and treatment of spontaneous autoimmune diabetes.
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