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A practical and robust method to evaluate
metabolic fluxes in primary pancreatic islets
Debora S. Rocha1, Antonio C. Manucci1, Alexandre Bruni-Cardoso 1, Alicia J. Kowaltowski1,
Eloisa A. Vilas-Boas1,2,*
ABSTRACT

Objective: Evaluation of mitochondrial oxygen consumption and ATP production is important to investigate pancreatic islet pathophysiology.
Most studies use cell lines due to difficulties in measuring primary islet respiration, which requires specific equipment and consumables, is
expensive and poorly reproducible. Our aim was to establish a practical method to assess primary islet metabolic fluxes using standard
commercial consumables.
Methods: Pancreatic islets were isolated from mice/rats, dispersed with trypsin, and adhered to pre-coated standard Seahorse or Resipher
microplates. Oxygen consumption was evaluated using a Seahorse Extracellular Flux Analyzer or a Resipher Real-time Cell Analyzer.
Results: We provide a detailed protocol with all steps to optimize islet isolation with high yield and functionality. Our method requires a few islets
per replicate; both rat and mouse islets present robust basal respiration and proper response to mitochondrial modulators and glucose. The
technique was validated by other functional assays, which show these cells present conserved calcium influx and insulin secretion in response to
glucose. We also show that our dispersed islets maintain robust basal respiration levels, in addition to maintaining up to 89% viability after five days
in dispersed cultures. Furthermore, OCRs can be measured in Seahorse analyzers and in other plate respirometry systems, using standard
materials.
Conclusions: Overall, we established a practical and robust method to assess islet metabolic fluxes and oxidative phosphorylation, a valuable
tool to uncover basic b-cell metabolic mechanisms as well as for translational investigations, such as pharmacological candidate discovery and
islet transplantation protocols.
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1. PANCREATIC b-CELLS AND MITOCHONDRIAL RESPIRATION

Glucose-stimulated insulin secretion (GSIS) [1] begins with glucose
entry into b-cells through specific transporters. It is then rapidly
phosphorylated by glucokinase, generating glucose-6-phosphate,
which proceeds through the glycolytic pathway, generating pyruvate.
Inside mitochondria, pyruvate is converted into acetyl-CoA and
completely oxidized by the tricarboxylic acid (TCA) cycle, which,
together with oxidative phosphorylation, efficiently generates ATP.
Increased ATP/ADP ratios lead to closure of ATP-sensitive potassium
channels (KATP) at the plasma membrane, with subsequent membrane
depolarization, opening of membrane voltage-sensitive calcium (Ca2þ)
channels, Ca2þ influx and activation of exocytotic machinery, culmi-
nating in insulin release.
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Since pancreatic b-cells efficiently couple glucose metabolism to
insulin release through mitochondrial electron transport and ATP
production [2,3], studying oxygen consumption rates (OCR) in ex vivo
islets is of great interest. Most studies use cell lines, while few
existing studies with primary islets [4e10] use specific equipment
and consumables that are expensive, complicated to use, and yield
poorly reproducible results. While cell lines are an important tool,
primary islets are a much more robust model to evaluate b-cell
function.
Here, we briefly discuss methods available to measure isolated islet
oxygen consumption and their limitations. We describe in detail a new
and practical protocol to assess isolated pancreatic islets oxygen
consumption rates using two different systems (Seahorse Extracellular
Flux Analyzer and Resipher Real-time Cell Analyzer) and standard
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microplates. The technique was optimized for both mice and rats, and
results in increased islet yield and robust reproducibility.

2. EXISTING METHODS TO MEASURE ISLET OXYGEN
CONSUMPTION

Respiration can be measured using Oroboros high-resolution oxyg-
raphy, where islets are suspended and their OCRs followed over time.
This is an indisputably robust method, however, there are two dis-
advantages in the case of islets. Measurements are made in 0.5 mL or
2 mL chambers, large volumes that require a high number of cells.
Islet isolation is a multi-step protocol and the yield depends on several
parameters, but, since islets are around 2% of all pancreatic cells, the
yield is low. In our hands, basal OCRs were very low using up to 80 rat
islets in a 2 mL chamber. Indeed, the required number of islets seems
to be much higher, around 250 mouse islets per mL [4], which results
in large use of animals, as one mouse yields approximately 200e350
islets, while one rat yields approximately 400e600 islets. In addition,
the constant stirring, necessary during oxygen electrode measure-
ments to ensure proper oxygen diffusion, can damage the islets,
leading to cell dispersion and decreased viability [5]. Specific devices
have been developed to overcome this, such as a 3D-printed chamber
to stabilize the islets during Oroboros measurements [5]. As an
alternative to Oroboros, other strategies have also been developed,
such as an islet-on-a-chip microfluidic device that allows OCR mea-
surements at the same time as Ca2þ imaging of individual islets [6].
However, these devices are not readily available commercially.
The Seahorse Extracellular Flux system, widely available in most major
research centers, was designed specifically for adherent cells, and has
enhanced sensitivity while also avoiding stirring damage. However, the
spheroid arrangement of islets is not adequate for use in its standard
plate-based systems, in which the sensors are located close to the
adherent plate surface during measurements, to enhance sensitivity.
There are specific, commercially available, Seahorse 96-well micro-
plates for spheroids, with round bottoms which could favor placing islets
in the center. However, working with 3D structures can be tricky, and
several adjustments and precautions must be taken into account
depending on the cell type used [11]: some researchers place the islets
under amicroscope to orient pipetting [7], centrifuge islets after pipetting
[7,8], and in all cases pre-coating of the plates is required for the islets to
properly adhere to the bottom and avoidmovement duringmeasurement
[7e9]. Even with these precautions, islets may still detach during mixing
and measuring steps. In addition, a special thermal tray compatible with
the spheroid microplate is required for the measurements, so the
equipment must be reserved for spheroid plates, and cannot inter-
changeably use other plates adequate for most adherent cell types.
Another possibility are 24-well Seahorse microplates specifically
designed for islets [10]. Islets are placed in a depression at the bottom
of the well, and each well has a polycarbonate grid to lock in the islets
and keep them from detaching during mixing and measuring steps. Of
note, the spheroid microplates can only be used in 96-well Seahorse
systems, while islet capture microplates can only be used in 24-well
Seahorse systems, limiting the choice of use for researchers who
have access to only one of these analyzers. Previous attempts were
also performed using matrigel in a poly-D-lysine-coated standard XF96
microplate [12]. However, this is a difficult protocol to follow that still
has disadvantages similar to those mentioned above.
Currently, new strategies allow measurements of OCRs directly in
standard well plates over days in culture. This technique and equip-
ment, named Resipher, is suitable for adherent cells and has never
been tested in islets before, to our knowledge.
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Overall, several limitations that hinder robust and reproducible OCR
assessment in primary islets persist today, and result in restricted
measurements of this important functional parameter. These limita-
tions are mostly due to the high number of islets required for the
measurements, loss of viability during the measurements, special
devices and consumables that are tricky to use and expensive, in
addition to poor reproducibility between replicates. We present here a
detailed protocol of a practical method that allows robust and repro-
ducible OCR measurements using a relatively low number of islets and
standard materials, which we hope will stimulate and facilitate future
studies.

3. OPTIMIZATION OF RODENT ISLET ISOLATION

We isolated islets from 8 to 12 week-old C57BL/6NTac male mice and
Sprague Dawley female rats. Animals were bred and housed in the
animal facility of the Chemistry Institute of the University of São Paulo
in collective cages (max 5/cage) at controlled temperatures (23 �C) in a
12-12 h light/dark cycle with free access to food/water. Procedures
were in accordance with the Ethical Principles of Animal Manipulation
(protocols CEUA-IQ/USP196/2021 and 244/2022).

3.1. Pancreatic islet isolation
Lacy et al., in 1967 [13] originally developed a protocol using a
collagenase solution in Hanks’ buffer, highlighting the importance of
clamping the Ampulla of Vater, where bile and pancreatic ducts meet.
This prevents collagenase leakage into the intestine, avoiding inade-
quate inflation of the pancreas [13]. This protocol has been optimized
since then, leading to greater islet yields per animal. Corbin et al. [14]
highlighted the importance of using adequate collagenase, with types
V, XI, and P collagenases being the most suitable. Centrifugation,
discarding the supernatant, and washing with a fresh buffer are
additional crucial steps. Lacy et al. [13] compared the effects of
centrifugation to simple gravity sedimentation, leading to an average
yield gain from 100 to 300 islets/mouse, close to the number obtained
by us. However, they also pointed out that sucrose gradient centrifu-
gation may be harmful to the islet function.
Salvalagio et al. [15] compared Ficoll gradients and cell strainer fil-
trations in regard to the yield and functionality. The use of a Ficoll
gradient was less effective in comparison to filtration when evaluating
the number of islets, GSIS, and purity. Also, islets isolated by filtration
restored normoglycemia one day after transplantation into diabetic
mice, while islets isolated by Ficoll needed 6e7 days for the same
result. Regardless of the method used, manual collection significantly
increases the purity of the islets.
All steps involved in islet isolation are relatively simple, but require
practice by the researchers, and prior practice implies better effec-
tiveness and speed [16]. Thus, a pilot experiment is mandatory to
ensure a reasonable average number of islets and to avoid discarding
animals due to lack of practice. Importantly, the time between the
death of the animal and the separation of the endocrine and exocrine
tissues has great impact on maintaining the viability and functionality
of the islets. When using more than one animal per day, kill one at a
time and isolate the tissue as freshly as possible. Finally, the age of the
animals also impacts on yield, with higher yield values in older animals
compared to juveniles [14].

3.2. Pancreatic islet isolation e optimized protocol

1. Anesthetize the animals as recommended by the local ethical
committee. We used 70 mg/kg ketamine, 10 mg/kg xylazine, and
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Figure 1: Pancreas isolation, islet dispersion, and culture. (A) After pancreas
dissection and full inflation, whole mouse and rat pancreases can be visualized
macroscopically. (B) After exocrine digestion with trypsin, isolated islets can be
visualized using a stereomicroscope. (C) Dispersed and adhered islet cells in culture
can be visualized using a microscope after hand-picking, dispersion with trypsin, and
overnight adhesion on a pre-coated microplate. Representative figures are shown.

Table 1 e Comparison of different plate respirometry systems.

Islet microplate

Compatible system Seahorse XF24 S
Microplate Specific islet microplate S
Specialized consumables Islet capture screen insert tool (suggested) S
Islets per condition 50e80 (rat or mouse) 1

Precoating required No Y
Whole islet/dispersed cells Whole islets W
Centrifugation required No Y
Allows microscopy No N

Table 2 e Composition of Hanks’ Balanced Salt Solution (HBSS).

g/L mM

PART 1
NaCl 8.18 140
KCl 0.37 5
MgSO4 0.048 0.4
Na2HPO4 0.017 0.1
KH2PO4 0.054 0.4
PART 2
CaCl2 0.0838 0.75
NaHCO3 0.336 4
D-Glucose 1.8 10
BSA 2 0.2 %
P/S 10 mL e

Table 3 e Composition of Krebs Henseleit.

Final 500 mL Final 1 L Final 2 L

Solution I
NaCl (0.46 M) 13.44 g 26.88 g 53.77 g
Solution II
NaHCO3 (0.096 M) 4.03 g 8.06 g 16.12 g
KCl (0.02 M) 0.74 g 1.48 g 2.96 g
MgCl2. 6 H2O (4 mM) 0.41 g 0.82 g 1.64 g
Solution III
CaCl2. 2 H2O (4 mM) 0.29 g 0.58 g 1.16 g
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2 mg/kg acepromazine, followed by cervical dislocation (mice) or
cardiac puncture (rats).

Caution: Islet yield increases in freshly isolated pancreases (we
obtained at least 100e250/mouse and 200e350/rat). When
using more than one animal/day, anesthetize one at a time. Islet
collection and separation from the exocrine tissue must be
performed readily. Use a maximum of two rats or three mice/
day/investigator.

2. Keep animal in dorsal decubitus, clean the abdominal area with
70% ethanol, and access the abdominal cavity.

Caution: Islets tend to stick to furs, so use 70% ethanol to wet
the animal and keep surgical material clean.
Note: As mice and their respective ducts are small, use a
stereomicroscope during steps 3 and 4.

3. Place the animal’s head close to the surgeon in dorsal decubitus.
Access the abdominal cavity and locate the common bile duct.
Clamp the end of the Ampulla of Vater using a Spencer Wells
forceps.
Note: Using a surgical line is also feasible.
Spheroid microplate Dispersed cell measurements

eahorse XF96 Seahorse XF24 and XF96; Resipher
pecific spheroid microplate Standard microplate
pecific thermal tray for spheroid (required) No
e20 (mouse or human) 20 (rat)

40 (mouse)
es Yes
hole islets Dispersed cells
es No
o Yes
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4. Make a small cut in the duct, not transposing it, in order to insert a
needle (30G) and infuse with 5 mL (mice) or 15 mL (rat) of cold
collagenase type V in Hanks’ Balanced Salt Solution (HBSS,
Table 2) (0.7 mg/mL).

Caution: The collagenase solution must be sterile (filtered with
0.2 mm filter) and at 4e8 �C. Avoid bubbles and do not inject air
into the tissue.

5. After full inflation, remove the whole pancreas carefully, to prevent
it from breaking or allowing intestinal content to pour into the
tissue.

Note: Figure 1A shows a whole mouse and rat pancreas after
full inflation.
Caution: Avoid taking more than 15 min per animal.

6. Mince the tissue into small fragments using sharp scissors.
Caution: Maintain the tissue-collagenase mixture at 4e8 �C if
using more than one animal at a time.

7. Incubate the pancreases for 25 min at 37 �C (water bath) with
gentle shaking for digestion of the exocrine tissue.

8. After incubation, shake the pancreas manually (do not vortex) until
the tissue is dissociated into a homogenous solution.

9. Place the solution on ice to stop digestion.
10. Complete to a final 20 mL with HBSS (4e8 �C) (Table 2).
11. Centrifuge at 1200 rpm (185 g) for 3 min at 4 �C.
12. Carefully discard the supernatant, keeping a small part of the liquid

phase to avoid tissue loss, and re-suspend the pellet with 20 mL of
ice-cold HBSS buffer.

13. Steps 11 and 12 should be done thrice.
14. Put the solution in a dark background Petri dish, and collect islets

manually to another plate with cold HBSS using a micropipette
under a stereomicroscope, keeping everything, other than the
stereomicroscope plate, on ice.

Note: Figure 1B shows isolated islets in HBSS after hand-
picking, with a few digested exocrine tissue pieces. Arrows
mark isolated islets, which are round, white structures sur-
rounded by digested exocrine tissue.
Note: Staining islets with special dyes is also possible to
facilitate visualization, but not necessary.
Note: Ficoll, Percoll, and sucrose gradients can also be used for
purification, but islet viability and functionality may be lower
when compared to handpicking.
3.3. Pancreatic islet dispersion and culture
An important limitation of using intact islets is that large islets often
display insufficient oxygen diffusion toward the islet core, leading to
central necrosis due to hypoxia [17,18]. This situation may be
heightened when keeping islets for days in culture. In this paper, we
chose to use dispersed islets adhered to standard flat-bottom
Seahorse XF24 microplates. The three-dimensional structure of the
pancreatic islet and the interaction between different endocrine cell
types is important for its function; paracrine interactions impact on
responses [19,20]. Therefore, although most dispersion protocols
are relatively fast and simple, validation may be necessary to
guarantee adequate functionality if interactions between cells are
expected to participate in the biological phenomena studied (item
3.4).

3.3.1. Pancreatic islet dispersion and culture e protocol

1. After handpicking, collect 20 (rats) or 40 (mice) islets in conic
microtubes containing 300 mL cold trypsineEDTA solution (0.25%).
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Note: The dispersion protocol was carried out on the same day
as the isolation.
Note: There is a natural tendency to choose the best islets first,
so to minimize variations between replicates, collect the first
same-sized 10e20 islets to all tubes, and then collect the final
same-sized islets.
Note: Use 20 rat islets or 40 mouse islets per well. We
recommend at least 4 technical replicates per animal.
Note: 20 islets from the wild type rats used are equivalent to
approximately 22,500 to 44,500 cells, while 40 islets from the
wild type mice used are equivalent to approximately 34,500 to
54,000 cells.
Note: When using different Seahorse analyzers, the number of
islets or cells should be adjusted. We used 15 rat islets in a
XF96 analyzer and obtained robust respiration. Using less than
15 increased variability to the point in which it compromised the
results (data not shown).

2. Incubate islets in trypsin at 37 �C for 2 min with gentle shaking.
3. Place the tubes immediately on ice and inactivate trypsin with

600 mL complete RPMI medium with 10% fetal bovine serum (FBS).
4. Centrifuge at 1200 rpm (185 g) for 1 min to pellet cells.
5. Discard the supernatant carefully with a micropipette and resus-

pend dispersed islets in 150 mL RPMI.
Note: If necessary, use a spotlight to visualize the pellet and
avoid discarding the islets with the supernatant.

6. Homogenize the pellet by pipetting up and down until complete
visible dispersion.

7. Transfer the whole volume to cell culture plates previously coated
with poly-L-lysine (item 3.3).

8. Let cells adhere overnight at 37 �C in a humidified atmosphere of
5% CO2/95% air.

Note: Figure 1C shows dispersed cells from mouse (left) and rat
(right) pancreases.

3.4. Poly-L-lysine coating
Proper cell adhesion to the wells is of extreme importance, to avoid
loss of cell adhesion during mixing and measuring steps. Here, all cell
culture microplates were coated with poly-L-lysine (#P8920, Sigma)
prior to use. We found that letting the cells adhere overnight, rather
than for a few hours, ensures proper adhesion and reduces variability
between replicates.

1. Add 50 mL/well of prediluted poly-L-lysine (0.001%) solution to the
Seahorse XF24 microplate and incubate for at least 1 h at 37 �C.

2. Rinse wells twice with 200 mL/well sterile milliQ water.
3. Discard the water and let the wells dry at room temperature inside a

laminar flow cabinet.
4. After completely dry, seal the plates with parafilm and reserve at

2e8 �C for up to 10 days.
3.5. Validation of the protocol by functional assays

3.5.1. Glucose-stimulated insulin secretion (GSIS) in dispersed and
intact islets
Glucose is imported into b-cells and metabolized, increasing intra-
cellular ATP levels, leading to plasma membrane KATP channel closure
and depolarization, promoting voltage-sensitive Ca2þ channel opening
and Ca2þ influx, recruiting secretory vesicle trafficking to the cell
membrane (Figure 2A). We then evaluated GSIS of dispersed and
adhered islets, as follows:
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Figure 2: Glucose-stimulated insulin secretion in dispersed and adhered mouse and rat islets. (A) Physiological and pharmacological mechanisms involved in pancreatic b-
cell insulin secretion. Glucose (pink) is taken up into the b-cell by a specific glucose transporter (GLUT2), independently of insulin. Glucose metabolism leads to increased
intracellular ATP levels, and consequently plasma membrane ATP-sensitive potassium channel (KATP) closure and plasma membrane depolarization, voltage-sensitive Ca

2þ channel
opening, Ca2þ influx, insulin vesicle trafficking to the cell membrane, and insulin release. Glibenclamide (yellow) promotes KATP closure and diazoxide (black), KATP opening,
leading, respectively, to an increase and a decrease in insulin secretion. Created with BioRender.com. (B) Insulin secretion (Fold change) of dispersed and adhered mouse islets in
response to glucose. Results are mean � SEM of 5 mice. *p < 0.05 using paired Student’s t test. (C) Insulin secretion (Fold change) in response to glucose of whole rat islets
versus dispersed rat islets from the same animals. Results are mean � SEM of 5 rats (each animal is represented by a different color). *p < 0.05 using paired Student’s t test.
1. After cells properly adhere overnight, replace culture medium su-
pernatant by 150 mL Krebs Henseleit (KH) buffer (Table 3) con-
taining 2.8 mM (for mice) or 5.6 mM glucose (for rats).

2. Preincubate at 37 �C for 30 min.
3. Discard the supernatant and replace it with 150 mL kH buffer with

low (5.6 mM) or high (20 mM) glucose concentrations.
4. Incubate at 37 �C for 60 min.
5. Collect the supernatant in fresh conic tubes and store at �20 �C.
6. Remove any remaining buffer and lyse cells with 30 mL of RIPA

buffer.
Note: The samples, insulin-containing supernatants, and
plates with RIPA-lysed cells can be stored at �20 �C for up
to one month.

7. Quantify total protein content using the BCA Pierce protocol.
8. Measure insulin by enzyme-linked immunosorbent assay (ELISA)

(EZRMI-13K, Merck Millipore Corporation, Billerica, USA).
Note: Several commercial kits are currently available to mea-
sure insulin. Before purchasing the kit, make sure that the
standard curve range is appropriate for your samples.
Note: Insulin can also be measured by radioimmunoassay,
Fluorescence Resonance Energy Transfer (FRET), or High-
Performance Liquid Chromatography (HPLC).

An increment from 5.6 mM to 20 mM glucose led to robust insulin
secretion increases in mouse samples (Figure 2B), confirming that our
protocol provides fully functional islets. We compared the response to
glucose with an equivalent number of intact and dispersed rat islets
from the same animal (Figue 2C). We show that both intact and
dispersed rat islets have similar patterns of insulin secretion in terms of
fold change, however dispersed islets had increased variability in high
glucose. We thus suggest that, when using dispersed islets, the
number of replicates should be increased to minimize the variability
within the group.

3.5.2. Calcium (Ca2þ) influx in response to different modulators in
dispersed islets
Next, we evaluated Ca2þ signaling in response to different modulators
(glucose, glibenclamide, and diazoxide). Glibenclamide is a KATP
MOLECULAR METABOLISM 83 (2024) 101922 � 2024 The Author(s). Published by Elsevier GmbH. This is an
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-channel blocker, inducing membrane depolarization and voltage-
sensitive Ca2þ channel opening, resulting in Ca2þ influx. On the other
hand, diazoxide is a KATP channel opener, decreasing Ca2þ influx
(Figure 2A).
After overnight incubation in 30 mm glass dishes previously coated with
poly-L-Lysine, dispersed islet cells were incubated for 30 min at 37 �C
with Fura-2 AM and then checked for Ca2þ influx. Fura-2 AM fluores-
cence, which ratiometrically indicates cytosolic Ca2þ levels, was
detected using a Leica DMi8 wide-field fluorescence microscope
operated with LASX Software (Leica Microsystems) at 37 �C and 5%
CO2/95% air. Cells were imaged under basal conditions in HBBS buffer
with low glucose (5.6 mM) for 5 min, followed by addition of i) high
glucose (final 20 mM); ii) 10 mM glibenclamide (KATP channel blocker);
iii) 250 mM diazoxide (KATP channel opener) þ high glucose (final
20 mM). A filter wheel installed in the light source permitted Fura2
fluorescence excitation at 340 nm (Ca2þ-bound) or 387 nm (Ca2þ-free),
with emission at 510 nm. Mouse and rat islets were imaged for 15 and
20 min respectively. Images were analyzed using ImageJ FIJI Software.
The steps of this protocol were performed as follows:

1. After cells properly adhere overnight, incubate cells for 30 min with
4 mM of Fura-2 AM at 37 �C in complete RPMI medium.

2. With a fluorescence microscope at 37 �C, in controlled atmosphere
(5% CO2/95% air), register basal fluorescence ratios for at least
5 min under low glucose (5.6 mM) conditions.

3. After 5 min (basal fluorescence), add the stimulus (physiological or
pharmacological) and continue registering the fluorescence for 15e
20 min.

Note: The duration varies according to the stimulus used.

As seen in Figures 3e4, cells responded to glibenclamide by rapidly
increasing cellular Ca2þ influx, and to glucose in a more gradual
manner. The gradual increase in response to glucose, in contrast to the
instantaneous effect of glibenclamide, has different possible expla-
nations. Glibenclamide has a direct effect on KATP channels, while
glucose needs to be intracellularly metabolized. Another possibility
may be related to particularities among different b-cell populations,
with responses faster than others; since the sample signal comes from
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 5
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Figure 3: Calcium influx assay in dispersed and adhered mouse islets. (A) Live imaging of dispersed and adhered islet cells under basal conditions with low glucose
(5.6 mM), followed by addition of high glucose (final 20 mM); 10 mM glibenclamide; or 250 mM diazoxide þ high glucose (20 mM). Representative Fura2-AM fluorescence ratios
(340/387 nm) at 5 min, 10 min and full trace with glibenclamide (a,b,c); glucose (d,e,f) or diazoxide þ high glucose (g,h,i). Fluorescence was measured at baseline for 5 min,
followed by additions indicated, up to 15 min total. (B) Representative Ca2þ influx curves. (C) Fura2-AM fluorescence ratio (340/387 nm) quantifications. Glucose (pink); gli-
benclamide (yellow) and diazoxide þ glucose (gray). Results are mean � SEM of 4 animals.

Original Article
the sum of these populations, the increment is gradual. It has been
previously shown that individual dispersed cells have large variabilities
in terms of Ca2þ influx in response to glucose, but the sum of re-
sponses of all cells is similar to that of intact islets [21]. As our main
aim was not to evaluate different responses among different cell types,
we also considered the sum of responses from all dispersed cells, but
would like to emphasize that the dispersed model renders itself
amenable to studies involving heterogeneity, another advantage rela-
tive to bulk islet experiments. Finally, in the presence of diazoxide,
glucose did not lead to Ca2þ influx. Our results, therefore, show that
cell dispersion and adhesion is an interesting tool for populational
analysis of these cells, isolating the paracrine component from cell-to-
cell communication. Furthermore, our results indicate that the ex-
pected physiological and pharmacological signaling pathways are
preserved in the dispersed islet protocol, although, obviously, there is
6 MOLECULAR METABOLISM 83 (2024) 101922 � 2024 The Author(s). Published by Elsevier GmbH
no guarantee that physiological responses are completely maintained
among different cell types and beta cell subpopulations. Thus, we
underlie that, while the dispersion protocol may not be suitable for and
substitute all functional assays, we believe it is a practical method with
ample and diverse applicability. Next, we evaluated if the protocol was
adequate for metabolic flux analysis.

3.6. Oxygen consumption in dispersed islets

3.6.1. Seahorse Extracellular Flux Analyzer (XF24 and XF96)

After overnight incubation on Agilent Seahorse XF24 or XF96 cell
culture microplates previously coated with poly-L-lysine, OCRs
were measured using a Seahorse Extracellular Flux Analyzer
(Agilent Technologies, Santa Clara, CA, USA).
. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com


Figure 4: Calcium influx assay in dispersed and adhered rat islets. (A) Live imaging of dispersed and adhered islet cells under basal conditions with low glucose (5.6 mM),
followed by addition of high glucose (final 20 mM); 10 mM glibenclamide; or 250 mM diazoxide þ high glucose (20 mM). Representative Fura2-AM fluorescence ratios (340/
387 nm) at 5 min, 15 min and full traces with glibenclamide (a,b,c); glucose (d,e,f) or diazoxide þ high glucose (g,h,i). Fluorescence was measured at baseline for 5 min,
followed by additions indicated, up to 20 min total. (B) Representative Ca2þ influx curves. (C) Fura2-AM fluorescence ratio (340/387 nm) quantifications. Glucose (pink); gli-
benclamide (yellow) and diazoxide þ glucose (gray). Results are mean � SEM of 3 animals.
Note: Include cell-free wells with the same medium for back-
ground correction.

1. One day prior to the assay: hydrate Seahorse cartridge with
appropriate calibrant solution overnight at 37 �C in a humidified
incubator without CO2.

2. Replace RPMI complete medium by 500 mL (XF24) or 180 mL (XF96)
RPMI containing 1% penicillin/streptomycin (P/S) and 5 mM HEPES
(without FBS nor bicarbonate).

Note: Commercially available Seahorse media are also available.
3. Incubate cells for 1 h at 37 �C in a humidified incubator without CO2.
4. Prepare working solutions and pipette solutions at ports.
5. Set the equipment: select different groups and different injections

according to the protocol.
Note: Select cell-free wells for background correction.
MOLECULAR METABOLISM 83 (2024) 101922 � 2024 The Author(s). Published by Elsevier GmbH. This is an ope
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Note: To avoid cell detachment, we adjusted the timepoints to
1 min mixing þ 2 min waiting þ 3 min of measurements.
Note: We tested two protocols:
i) Basal respiration in 10 mM glucose followed by the standard
Mito stress test [22].

ii) Basal respiration in 5.6 mM glucose, addition of high glucose
in port A (final concentration: 20 mM), followed by the Mito
stress test.

Note: Mito stress test injections for XF24: a) oligomycin (final
2 mM); b) CCCP (final 6 mM); c) rotenone and antimycin (R/AA,
final 1 mM each).
Note: Mito stress test injections for XF96: a) oligomycin (final
1 mM); b) CCCP (final 2 mM); c) rotenone and antimycin (R/AA,
final 1 mM each).
n access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 7
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Figure 5: Oxygen Consumption Rates (OCRs) in dispersed and adhered mouse and rat islets using an XF24 Seahorse Extracellular Flux Analyzer. (A) OCR curves of 40
dispersed mouse islets in response to mitochondrial modulators oligomycin (2 mM), CCCP (6 mM) and Antimycin þ Rotenone (1 mM each). (B) Quantification of mean basal, ATP-
linked, maximal, and non-mitochondrial respiration. (C) OCR curves in response to glucose and mitochondrial modulators. Insets represent the magnified area indicated by the
dotted lines. (D) Quantification of the mean OCR value. Results are mean � SEM of 5 (AeB) or 4 (CeD) mice. M1-M5 represent the values of individual animals used. **p < 0.01
using paired Student’s t test. (E) OCR curves of 20 dispersed rat islets in response to mitochondrial modulators oligomycin (2 mM), CCCP (6 mM) and Antimycin þ Rotenone (1 mM
each). (F) Quantification of mean basal, ATP-linked, maximal, non-mitochondrial respiration, and spare capacity. (G) OCR curves in response to glucose and mitochondrial
modulators. Insets represent the magnified area indicated by the dotted lines. (H) Quantification of the mean OCR value. Results are mean � SEM of 7 (EeF) or 5 (GeH) rats. R1-
R7 represent the values of individual animals used. **p < 0.01 using paired Student’s t test.

Original Article
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Figure 6: Oxygen Consumption Rates (OCRs) in dispersed and adhered rat islets using an XF96 Seahorse Extracellular Flux Analyzer. (A)OCR curves of 15 dispersed rat islets
in response to mitochondrial modulators oligomycin (1 mM), CCCP (2 mM), and Antimycin þ Rotenone (1 mM each). (B) Quantification of mean basal, ATP-linked, maximal, and non-
mitochondrial respiration and spare capacity. (C) OCR curves in response to glucose andmitochondrial modulators. Insets represent themagnified area indicated by the dotted lines. (D)
Quantification of the mean OCR value. Results are mean � SEM of 5 rats. R1-R5 represent the values of individual animals used. **p < 0.01 using paired Student’s t test.
6. Place the cartridge in the Seahorse equipment for appropriate
system calibration.

7. After 1 h incubation of cells and once calibration is ready, remove
the microplate with the calibrant and place the microplate with cells
in the equipment.

8. At the end of each experiment, remove the medium carefully and
lyse cells with 30 mL (XF24) or 10 mL (XF96) RIPA buffer/well.

9. Quantify total protein using the BCA Pierce. Normalize OCRs ob-
tained per amount of total protein in each well.

Note: Within each experiment, selecting same-sized islets
decreases variability between replicates. However, there are
variations between animals, because different animals have
islets of different sizes.
Note: We used the XF24 and XF96 analyzers, as these are the
available equipment in our facility, but our method, in principle,
could be adapted for all Seahorse analyzers, including 8-well
apparatuses.

Using a XF24 Seahorse analyzer, we find that both sample origins
(mouse and rat) present the expected response to mitochondrial
modulators (oligomycin, CCCP and antimycin þ rotenone)
(Figure 5AeB, EeF), as we observe a decrease in OCR after oli-
gomycin addition (which inhibits ATP synthase), an increase after
MOLECULAR METABOLISM 83 (2024) 101922 � 2024 The Author(s). Published by Elsevier GmbH. This is an
www.molecularmetabolism.com
CCCP (which reduces the mitochondrial inner membrane potential,
maximizing electron transport) and an expressive decrease after the
injection of antimycin/rotenone (which inhibit electron transport). In
response to glucose, we observe an expected and significant in-
crease in OCR, which is more evident in mouse (Figure 5CeD) than
rats (Figure 5GeH). We suggest that this difference may be due to
the number of islets used (20 for rats and 40 for mice). However,
and most importantly, the response is still clearly observed in both
cases.
Interestingly, the prior addition of glucose decreases maximum OCRs
in both mouse (Figure 5CeD) and rat samples (Figure 5GeH). This is
expected, since these cells respond to glucose by promoting overt
increases in Ca2þ influx, which at high levels in mitochondria matrix
may limit electron transport [23,24]. As a result, there is a decrease in
the response to the uncoupler CCCP. This indicates that experimental
designs should be developed specifically for different desired readouts:
experiments in which maximized OCRs induced by uncouplers are
important parameters should be conducted without a high glucose
stimulus prior to the addition of CCCP.
We also obtained robust respiration and proper response to mito-
chondrial modulators and glucose using a XF96 Seahorse analyzer
(Figure 6). Our results, therefore, show that our method is suitable for
using both XF24 and XF96 Seahorse analyzers.
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 9
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Figure 7: Long term basal Oxygen Consumption Rates (OCRs) and cell viability in dispersed and adhered mouse islets using a Resipher analyzer. (A, B) Basal OCRs of
40 dispersed mouse islets over five days in culture using a Resipher Real-time Cell Analyzer. Results are mean � SEM of 4e5 technical replicates of 4 mice (M1, M2, M3 and M4).
Dashed lines indicate medium change. (C) After OCR assessment over five days, viability was assessed and is presented in percentage (%) of viable and dead cells. Results are
mean � SEM of 4 mice.

Original Article
3.6.2. Long term OCR measurement and cell viability
Next, we tested whether our dispersed method would be suitable for
measuring OCRs in another plate respirometry system, the Resipher
Real-time Cell Analyzer (Lucid Scientific, Atlanta, GA, USA), which al-
lows basal OCR measurements in plated cells over days in culture.
After overnight incubation on standard 96-well culture microplates
previously coated with poly-L-lysine, basal OCRs of dispersed islets of
four mice were measured in complete RPMI medium (10 mM glucose,
FBS, bicarbonate and HEPES) over five consecutive days in culture
(Figure 7A,B). Five (mice 1, 2 and 3) or four (mouse 4) technical
replicates were conducted.

Note: Include cell-free wells with the same medium for background
correction.
Note: Change media every day.

Robust oxygen consumption was observed during all five days of data
acquisition, with good sensitivity and low dispersion between sam-
ples (Figure 7A,B). A sample originating from each mouse was
tripsinized and checked for cell viability with a Trypan-blue staining,
using an automated cell counter (Countess� 3 Automated Cell
Counter, Thermo Fisher Scientific, Waltham, MA). We see that after
six days of isolation, dispersion, and culture, to 89e96 % cells were
viable (Fig. 7C).
In conclusion, our results show that, with our method, dispersed
islets maintain robust basal respiration levels, in addition to main-
taining high viability and metabolic activity after six days of isolation,
10 MOLECULAR METABOLISM 83 (2024) 101922 � 2024 The Author(s). Published by Elsevier GmbH
dispersion, and culture. Furthermore, OCRs can be measured in
Seahorse analyzers and in other plate respirometry systems using
standard materials.

4. DIS(ADVANTAGES) OF DIFFERENT METHODS USING THE
SEAHORSE EXTRACELLULAR FLUX SYSTEM

Mitochondrial OCRs can be measured with high resolution using two
commercial setups: Oroboros Respirometers and Seahorse Extracel-
lular Flux Analyzers. Although Oroboros Oxygraphy is a robust method,
it requires a high number of islets per condition, meaning more than
one animal per condition. Without the specific chamber to contain
islets, it also compromises islet viability due to mechanical damage.
Therefore, we consider the Seahorse Extracellular Flux System a more
suitable method for islets. In Table 1, we compare the different Sea-
horse methods available with ours.
The specific islet microplate keeps the islets trapped underneath a
grid, preventing them from floating away during the measurements
(albeit not completely). On the other hand, it is more expensive than
the standard microplate and is only compatible with the XF24
system. In addition, it requires some practice to position the grid on
top of the wells, and is laborious and time consuming, with
considerable variations between experiments. The spheroid micro-
plate keeps the islets adhered when a proper precoating is used,
although it does not guarantee that islets do not detach during
measurements, leading to variations between replicates. It is more
expensive than the standard microplate, is compatible only with the
. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 8: A practical and robust method to evaluate ex vivo dispersed islet respiration. Schematic workflow of all steps necessary to isolate, disperse, and culture mouse
and rat islets, followed by oxygen consumption rate assays. Created with BioRender.com.
XF96 system, and needs a specific thermal tray. We propose a new
and practical method using dispersed islets and the standard
microplate (Figure 8), which is compatible with both XF24 and XF96
systems and does not need additional consumables or setups. Our
method was developed for rodent islets, but in principle can also be
used for human islets. In addition, this method also allows micro-
scopy assays. This way, particularities between different endocrine
cell types can be better explored, since the resolution of the mi-
croscope makes it possible to assess differences at the single cell
level.

5. CONCLUSIONS

We optimized rodent islet isolation and functional analysis protocols
using standard extracellular flux analysis equipment and consum-
ables. Our method allows for increased islet yield and robust islet
respiration measurements. In conclusion, the new protocol here
MOLECULAR METABOLISM 83 (2024) 101922 � 2024 The Author(s). Published by Elsevier GmbH. This is an
www.molecularmetabolism.com
described allows quantitative measurements of metabolic fluxes and
oxidative phosphorylation, which are the cornerstone of new dis-
coveries in beta cells. In this sense, it contributes toward the
establishment of new cellular protocols, such as for cell trans-
plantation, as well as the development of new pharmacological
agents targeted to these cells.

6. BUFFERS AND CULTURE MEDIA COMPOSITION

6.1. Hanks’ Balanced Salt Solution (HBSS) e for islet isolation

1. Add 800 mL of milliQ water to a suitable container;
2. Add NaCl, KCl, MgSO4, Na2HPO4 and KH2PO4, according to Table 2;
3. Adjust pH to 6.3;
4. Add CaCl2, NaHCO3, D-glucose, bovine serum albumin, penicillin

and streptomycin (P/S);
5. Adjust pH to 7.4 and final volume to 1 L;
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 11
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6. Filter the solution using a 0.2 mm filter into a sterile flask;
7. Store at 4 �C until use.
6.2. Krebs Henseleit (KH) buffer e for islet isolation

1. Mix equal volumes of each solution (I, II þ III) with same volume of
milliQ water;

2. Adjust pH to 7.4, bubbling carbogen.
OBS.: do not use acid or base to adjust pH.

3. Add 0.2 % BSA (2 g for a final 1 L).
6.3. RPMI 1640 culture medium

1. Supplement with bicarbonate (2 g/L), 10% FBS (100 mL for a final
1 L) and 1% P/S.
Table 4 e Troubleshooting.

Problem Possible reasons

Low islet yield

Inadequate shaking during exocrine digestion

Animals are too young

Islets with low viability

Inappropriate collagenase used for digestion

Many protocol pauses before islets are separated fro
exocrine tissue

Islet yield decreases between
animals

Excessive number of animals on the same day
experiment (more than 3)

Excessive time spent in step 2 (more than 30 min

Poorly adhered cells

Incomplete dispersion

Plates not properly coated

Islets in suspension

Plates not properly coated

Low OCR values

Too few islets per well

Too much time spent in steps 1, 2 or 3, and too mu
time in contact with exocrine tissue, leading to a
decreased islet viability

Islets in suspension and, consequently, poor OCR a
ECAR measurements

Large variation among replicates

Too few islets per well

Too few experimental replicates for Seahorse analy

Decrease or absence of response to
oxidative phosphorylation
inhibition drugs

Inadequate concentration of oxidative phosphorylat
inhibition drugs

12 MOLECULAR METABOLISM 83 (2024) 101922 � 2024 The Author(s). Published by Elsevier GmbH
2. Adjust pH to 7.4 and filter using a 0.2 mm filter.
Note: For cell cultures, we used media with 11.1 mM glucose
and phenol red (#31800-022). For cell imaging, we used a
media with 5.6 mM glucose and without phenol red (#103576-
100).
6.4. Hanks’ Balanced Salt Solution (HBSS) e for Ca2þ imaging
(#14175-095, Sigma)

1. Supplement with 2 mM CaCl2 and 0.4 mM MgSO4. To a final 30 mL
HBSS, add 60 mL CaCl2 1 M and 12 mL MgSO4 1 M.

2. Adjust pH to 7.4.

7. TROUBLESHOOTING

See Table 4.
Suggestions

Make sure you get the solution as homogeneous as possible, so that collagenase
is in contact with the full tissue area. However, if you shake the solution too much
or too hard, it can disrupt the islets and also decrease yield.

Prefer using adult animals (up to 4 months old), which have more and bigger islets
than young individuals

Anesthetize and dissect one animal at a time and avoid spending more than
15 min for dissection

Use collagenase V (#C9263, Sigma) or P (#COLLP-RO), which are efficient for
pancreas islet isolation

m Make sure you have all materials and solutions on hand. Avoid delays, especially
when islets are still mixed with exocrine tissue

Reduce the number of animals dissected in order to avoid expending more than
40 min in step 1; or increase the number of trained staff for islet collection

) Make sure you get all materials and solutions ready before starting. Avoid delays,
especially when islets are still mixed with exocrine tissue.

Make sure that the final resuspension of step 3 leads to a completely dispersed
sample

Stock the coated plates for no more than 10 days until use.

Replace the growth media for Seahorse media carefully to avoid dispersion.

Incubate the plates with poly-lysine solution for at least 1 h

Use 40 islets per well for C57B/BL6NTac mice or 20 islets per well for Sprague
eDawley rats.
Be aware of species peculiarities and adapt the number to achieve consistent
results

ch Use no more than 40 min for step 1, 30 min for step 2 and 20 min for step 3 for
each animal

nd Replace the growth media for Seahorse media carefully to avoid dispersion.
Decrease shaking and/or waiting time in Seahorse protocols

Use 40 islets per well for C57B/BL6NTac mice or 20 islets per well for Sprague
eDawley rats.
Be aware of species peculiarities and adapt the number to achieve consistent
results

sis Use at least 4 experimental replicates for each condition, considering the variance
in the number of cells per dispersed islets

ion Always titrate the drugs used in a pilot study
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