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Abstract: One major obstacle that limits the lifespan of insulin infusion pumps is surmounting
the tissue site reaction at the device implantation site. All commercial insulin formulations con-
tain insulin phenolic preservatives (IPPs) designed to ensure insulin protein stability and prolong
shelf-life. However, our laboratory demonstrated that these preservatives are cytotoxic and induce
inflammation. Mature mast cells (MCs) reside in cutaneous tissue and are one of the first responders
to an epidermal breach. Upon activation, MCs release proinflammatory and immunomodulatory
prepacked mediators that exacerbate these inflammatory reactions. Thus, we hypothesized that
once the epidermis is breached, cutaneous MCs are triggered inciting the inflammatory response to
IPP-induced inflammation. This hypothesis was pursued utilizing our modified in vivo mouse air
pouch model, including a c-kit dependent (C57BL/6J-kitW-sh/W-sh) and a c-kit independent (Cpa3-Cre;
Mcl-1fl/fl) MC-deficient mouse model. Leukocytes were quantified in the mouse air pouch lavage fluid
following flow cytometry analysis for IPP infusion under three different states, insulin-containing
phenolic preservatives (Humalog®), insulin preservatives alone, and normal saline as a control. The
air pouch wall was assessed using histopathological evaluations. Flow cytometry analysis demon-
strated a statistically significant difference in inflammatory cell recruitment for both MC-deficient
mouse models when compared to the control strain including infused control saline. Significantly
less inflammation was observed at the site of infusion for the MC-deficient strains compared to the
control strain. Overall, concordant results were obtained in both mouse types, C57Bl6-kitW-sh/W-sh and
Cpa3-Cre; Mcl-1fl/fl. These findings in multiple model systems support the conclusion that MCs have
important or possible unique roles in IPP-induced inflammation.

Keywords: mast cells; inflammation; diabetes; automated insulin delivery; insulin infusion; insulin
preservatives

1. Introduction

The approved usage duration for commercial continuous-glucose-monitoring systems
is 10+ days, whereas subcutaneous insulin infusion is 3+ limiting the possibility of an
automated insulin-delivery system [1]. Several hypotheses have been proposed regarding
the limited insulin infusion set functional lifespan, including inflammation induced by the
material–tissue interface [2–4], insulin aggregate formation [5,6], or the toxicity of insulin
phenolic preservatives (IPPs), such as phenol and m-cresol [7–10]. Specifically, our labo-
ratory reported that these IPPs lead to unwanted cell and tissue toxicity [6,7,10], whereas
Cromolyn sodium, an MC membrane stabilizer, significantly minimized IPP-induced
inflammation [11]. These Cromolyn studies targeting MCs highlighted the potential to
improve on automated insulin-delivery systems by mitigating the inflammatory response.
Nonetheless, it is known that Cromolyn also affects various other cell functions, including
neutrophils [12,13], indicating that results obtained might not be solely attributed to MCs.

Mature mast cells (MCs) reside in cutaneous tissue and are one of the first responders
to a skin breach and are contributors in orchestrating the inflammatory response [14–16].
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Once activated, MC granules release preformed mediators inducing an abundance of pro-
inflammatory molecules, such as cytokines, chemokines, proteases, and lipid mediators [13,17].
Thus, we hypothesized that subcutaneous device implantation triggers MC activation and
initiates the inflammatory response augmented by IPP delivery. This was investigated
utilizing an in vivo mouse air pouch model [6–8,18], including a c-kit-dependent (C57BL/6J-
kitW-sh/W-sh) and a c-kit-independent (Cpa3-Cre; Mcl-1fl/fl) MC-deficient mouse model. Since
c-kit is a crucial stem cell factor receptor on mature MCs, with a key role in MC development,
survival, and function [18–20], a mutation in this receptor leads to MC deficiency [21].
However, one limitation when using mice with a c-kit mutation is its pleiotropic functions
as it is expressed on numerous other cells [18,20,22,23]. Thus, it is often difficult to ascertain
that the results obtained from only using a c-kit-dependent mouse model are indeed due
to MC deficiency rather than the influence of c-kit on other cell populations [13,21]. To
account for this limitation, it has been stipulated to utilize a Cre/loxP mouse strain that
is independent of a c-kit mutation while being MC-deficient through Cre-recombinase
expression under the control of MC-specific promotors [13,21]. Therefore, employing
additional genetically modified animals permit a more specific approach in targeting MC.

In general, when investigating complex biological responses, it is important to note
that the MC function may overlap with other cells [13]. Vice versa, the more critical MC
contributions are to insulin infusion and glycemic control, and it is likely that abnormalities
are found in each of the different available MC-deficient strains utilized. As such, it is
supported that the strongest conclusion about the importance of MCs is likely derived
from investigations, which apply multiple model systems [13]. Thus, the study objective
was to establish the sentinel role of MC contributions to IPP-induced tissue inflammation
utilizing two different MC-deficient animal models: c-kit-dependent and c-kit-independent
MC-deficient mice.

2. Materials and Methods
2.1. Animals and Air Pouch Generation

All studies were conducted with approval from the institutional animal care and use
committee (IACUC) at Wayne State University. C57BL/6J and c-KitW-sh/W-Sh mast cell
(MC)-deficient mice were purchased from Charles River and bred and maintained in-house.
C57BL/6-Cpa3-Cre; Mcl-lfl/+ breeding pairs were generously donated from Dr. Maurer
at Charité Berlin Dermatology Centrum. Subsequently, MC-deficient Cpa3-Cre; Mcl-1fl/fl

(also referred to as “Hello Kitty”) mice and the corresponding control (Cpa3-Cre; Mcl-
1+/+) were obtained from these breeding pairs. Mice were maintained under temperature-
and light-controlled conditions (20–24 ◦C, 12 h light-dark cycle) receiving food and water ad
libitum. Cpa3-Cre; Mcl-1fl/fl mice, including control mice, were housed under pathogen-free
conditions. All mice evaluated were between the ages of 6 and 8 weeks.

The air pouch model and its analysis have been described in previous publications [6–8,10].
Briefly, 3 mL of filtered air was injected subcutaneously into the shaved backs of the mice to
create a sustained compartment one day prior to inserting the infusion cannulas. Infusion
set cannulas (Animas Inset 30 Infusion System, ADW Diabetes, Pompano Beach, FL, USA)
were implanted into the air pouch while mice were anesthetized and prior to beginning
any infusions.

2.2. Assessment of IPP-Induced Inflammation in MC-Deficient Mouse Strains

Inflammation was assessed following the infusion of a sterile diluent (Eli Lilly & Co.,
Indianapolis, IN, USA) or Humalog® U100 at a continuous rate of 50 µL/hour for 3 days.
The sterile diluent (also referred as diluent) contains the phenolic preservatives phenol
and m-cresol in a combined concentration of 2.25 mg/mL [7]. Humalog® U100, with a
concentration of 3.15 mg/mL m-cresol and trace amounts of phenol [7], was diluted at a
concentration of 1 U/100 uL in sterile diluent. Control animals were infused with 0.9%
saline solution. Diabetes was induced following the protocol developed by Wu et al. [24].
Streptozotocin (STZ) was prepared and administered as previously described [7]. Mice
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with a blood glucose level above 250 mg/dL for two sequential blood glucose tests were
designated as diabetic. Once euglycemia was achieved, insulin infusion was replaced
with diluent infusion to avoid hypoglycemic events. Furthermore, periodically switching
between the infusion of diluted insulin versus diluent alone ensured that the same volume
of fluid was infused between treatment groups while approximating euglycemia. A total of
four to seven mice per treatment were used for each study.

2.3. Flow Cytometry Analysis

Flow analysis was conducted as previously described [7]. MC populations in the
mouse air pouch were identified by gating c-Kit+ (2B8, Invitrogen, Waltham, MA, USA) and
FceR1α+ (MAR-1, Invitrogen, Waltham, MA, USA) [25]. FACS analyses were performed on
a BD LSR II utilizing the services of the microscopy, imaging, and cytometry core laboratory
(MICR), at Wayne State University, Detroit, MI, USA, and data were analyzed with FlowJo
software (v10, FlowJo™, LLC, Becton, Dickinson & Company, OR, USA).

2.4. Total Protein Analysis of Air Pouch Lavage Fluid

Lavage fluid collected from the air pouch was concentrated to 1 mL using Milli-
poreSigma™ Amicon™ Ultra-15 Centrifugal Filter Units (Fisher Scientific, Waltham, MA,
USA). Protein quantification was performed on air pouch lavage fluid using the Pierce™
Coomassie (Bradford) Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Immunohistochemistry

Qualitative immunostaining was performed on 5 µm 10% buffered-formalin (VWR,
Radnor, PA)-fixed paraffin-embedded air pouch sections [7]. Sections were stained using
standard Hematoxylin and Eosin stain (H&E). Mast cell presence was evaluated using
toluidine blue (Sigma, St. Louis, MO, USA) [26]. The presence of macrophages was
confirmed with antibodies against F4/80 (Fisher Scientific, Waltham, MA, USA). Mouse
IgG was used as a negative control and analyzed by fluorescence microscopy (Nikon
Instruments Inc., Melville, NY, USA).

2.6. Statistical Analysis

For multiple group comparisons, a one-way ANOVA test with a post-hoc Tukey test
was utilized to assess differences at a 95% confidence interval. All statistical tests were
performed, and the data were graphed using GraphPad Prism 8 software. The values were
considered statistically significant for p < 0.05.

3. Results

3.1. Cpa3-Cre; Mcl-1fl/fl Mice Exhibit a Marked Reduction in MCs in the Air Pouch Lavage

The Cpa3-Cre; Mcl-1fl/fl mice were first introduced more than a decade ago by Galli
et al. [25]. Nonetheless, no data are available related to the impact of insulin preservatives
on the subcutaneous tissue using this mouse strain. Thus, we used flow cytometry to
first assess the mast cell (MC) presence in the air pouch fluid following saline and diluent,
a phenolic compound, infusion over 3 and 7 days. Cpa3-Cre; Mcl-1fl/fl mice exhibited
significant reductions in MC numbers in the diluent-infused air pouch for both 3 and 7 days
(Figure 1). In contrast, MCs were present in similar numbers for control Cpa3-Cre; Mcl-1+/+

mice and the Cre/lox MC strain for the saline control fluid for both time points.

3.2. MC-Deficient Mice Exhibit Evidently Reduced Leukocyte Recruitment in the Air Pouch

To investigate the role of MC deficiency in leukocyte recruitment following the in-
fusion of diluent, we performed flow cytometry assessing total leukocyte and leukocyte
subpopulation recruitment into the mouse air pouch over 3 and 7 days (Figures 2 and 3,
including Tables 1 and 2). We observed statistically significant reductions in total leuko-
cyte numbers for the Kit-dependent, KitW-Sh, and the Kit-independent, Cpa3-Cre; Mcl-1fl/fl,
MC-deficient mice, as compared to the control mice, Cpa3-Cre; Mcl-1+/+ and C57BL/6J, for
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both time points during diluent infusion. Also, there were significantly fewer leukocytes
following saline infusion in the C57BL/6J and Cpa3-Cre; Mcl-1+/+ mice as compared to with
diluent infusion in those same mice, as depicted in Figures 2 and 3, for 3-day and 7-day
infusion studies, respectively.
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cates MC population) following 3- and 7-day infusion, respectively. (B) MC quantification in air 
pouch lavage following saline and diluent infusion in Cpa3-Cre; Mcl-1+/+ mice and in Cpa3-Cre; Mcl-
1fl/fl mice for 3 days. (D) MC quantification of air pouch lavage following saline and diluent infusion 
in Cpa3-Cre; Mcl-1+/+ mice and in Cpa3-Cre; Mcl-1fl/fl mice for 7 days. * p < 0.05, ** p < 0.001 using one-
way ANOVA with Tukey HDS multiple comparisons test. 
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Figure 1. Assessment of MC influx into the air pouch following the infusion of saline or diluent.
(A,C) Representative flow cytometry plots showing comparable expression of MCs in the air pouch
lavage collected from Cpa3-Cre; Mcl-1+/+ and Cpa3-Cre; Mcl-1fl/fl mice (FcεRI+; c-Kit+, red circle
indicates MC population) following 3- and 7-day infusion, respectively. (B) MC quantification in
air pouch lavage following saline and diluent infusion in Cpa3-Cre; Mcl-1+/+ mice and in Cpa3-Cre;
Mcl-1fl/fl mice for 3 days. (D) MC quantification of air pouch lavage following saline and diluent
infusion in Cpa3-Cre; Mcl-1+/+ mice and in Cpa3-Cre; Mcl-1fl/fl mice for 7 days. * p < 0.05, ** p < 0.001
using one-way ANOVA with Tukey HDS multiple comparisons test.
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cient mice infused with saline and diluent for 3 days. (B) Quantification of the leukocyte subpopu-
lations PMNs, MQs/Mos, and lymphocytes following saline and diluent infusion in C57BL/6J and c-
KitW-sh/W-Sh MC-deficient mice. (C) Quantitative analysis of the total leukocytes present in the air 
pouch of Cpa3-Cre; Mcl-1+/+ control and Cpa3-Cre; Mcl-1fl/fl MC-deficient mice infused with saline and 
diluent for 3 days. (D) Quantification of the leukocyte subpopulations PMNs, MQs/Mos, and lym-
phocytes following infusion of saline and diluent into Cpa3-Cre; Mcl-1+/+ control and Cpa3-Cre; Mcl-
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Figure 2. Impact of mast cell (MC)-deficiency on total leukocyte influx and leukocyte subpopulations
following infusion for 3 days into the air pouch of non-diabetic animals. (A) Quantitative analysis of
the total leukocytes presence in the air pouch of C57BL/6J control and c-KitW-sh/W-Sh MC-deficient mice
infused with saline and diluent for 3 days. (B) Quantification of the leukocyte subpopulations PMNs,
MQs/Mos, and lymphocytes following saline and diluent infusion in C57BL/6J and c-KitW-sh/W-Sh

MC-deficient mice. (C) Quantitative analysis of the total leukocytes present in the air pouch of
Cpa3-Cre; Mcl-1+/+ control and Cpa3-Cre; Mcl-1fl/fl MC-deficient mice infused with saline and diluent
for 3 days. (D) Quantification of the leukocyte subpopulations PMNs, MQs/Mos, and lymphocytes
following infusion of saline and diluent into Cpa3-Cre; Mcl-1+/+ control and Cpa3-Cre; Mcl-1fl/fl MC-
deficient mice. ** p < 0.01, *** p < 0.001, **** p < 0.0001 using one-way ANOVA with Tukey HDS
multiple comparisons test. Statistical analyses of individual leukocyte subpopulations can be found
in Tables 1 and 2.

Table 1. Statistical analysis of flow cytometry data following 3- and 7-day infusions in non-diabetic
kit-dependent MC-deficient mice and controls (KitW-Sh/W-Sh and C57BL6/J).

Tukey’s Multiple Comparisons Test Total Cells PMNs MQ/Mo LYMPH

Summary Summary Summary Summary

Group 1 Group 2 3-Day 7-Day 3-Day 7-Day 3-Day 7-Day 3-Day 7-Day

Saline C57BL/6J Saline Kit W-Sh/W-Sh **** ns * ns ** ns ns ns

Saline C57BL6 Diluent C57BL6 **** ** **** * * ns *** ns

Saline C57BL6 Diluent Kit W-Sh/W-Sh *** ns * ns * ns ns ns

Saline Kit W-Sh/W-Sh Diluent C57BL6 **** ** **** ns **** * **** ns

Saline Kit W-Sh/W-Sh Diluent Kit W-Sh/W-Sh ns ns ns ns ns ns ns ns

Diluent C57BL6 Diluent Kit W-Sh/W-Sh **** ** **** * **** * **** ns

Statistical significance for flow cytometry analysis of total cells, neutrophils (PMNs), macrophages/monocytes
(MQs/Mos), and lymphocytes (lymph) following 3-day and 7-day infusion of saline or diluent into the air pouch
of non-diabetic MC-deficient mice, KitW-Sh/W-Sh and control mice C57BL/6J. Analyses performed with one-way
ANOVA and a Tukey post-hoc multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,
ns = not significant.
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Figure 3. Impact of mast cell (MC) deficiency on total leukocyte influx and leukocyte subpopulations
following infusion for 7 days into the air pouch of non-diabetic animals. (A) Quantitative analysis
of the total leukocytes present in the air pouch of C57BL/6J control and c-KitW-sh/W-Sh MC-deficient
mice infused with saline and diluent for 7 days. (B) Quantification of the leukocyte subpopulations
PMNs, MQs/Mos, and lymphocytes following the infusion of saline and diluent into C57BL/6J and
c-KitW-sh/W-Sh MC-deficient mice. (C) Quantitative analysis of the total leukocytes present in the air
pouch of Cpa3-Cre; Mcl-1+/+ control and Cpa3-Cre; Mcl-1fl/fl MC-deficient mice infused with saline
and diluent for 7 days. (D) Quantification of the leukocyte subpopulations PMNs, MQs/Mos, and
lymphocytes following the infusion of saline and diluent into Cpa3-Cre; Mcl-1+/+ control and Cpa3-Cre;
Mcl-1fl/fl MC-deficient mice. * p < 0.05, ** p < 0.01 using one-way ANOVA with Tukey HDS multiple
comparisons test. Statistical analyses of leukocyte subpopulations can be found in Tables 1 and 2.

Cellular subtype analyses following 7-day infusion in non-diabetic mice (Figure 3)
showed significantly fewer neutrophils (PMNs) following diluent infusion in the KitW-Sh

group as compared to numbers following diluent infusion in the C57BL/6J mice (p < 0.05).
The PMNs quantified from Cpa3-Cre; Mcl-1fl/fl mice infused with saline and diluent were
significantly less abundant than PMNs following the infusion of diluent in the CPA3-Cre;
Mcl-1+/+ mice (p < 0.05 and p < 0.01, respectively). Also, PMN presence was significantly
reduced in both control mouse air pouch tissue infused with saline as compared to that with
diluent (p < 0.05). Upon 7-day infusion, macrophages/monocytes (MQs/Mos) were signifi-
cantly less abundant following saline and diluent infusion in the KitW-Sh mice as compared
to numbers with diluent infusion in C57BL/6J mice (p < 0.05). In the Cpa3-Cre; Mcl-1fl/fl mice,
MQ/Mo presence was significantly lower following only diluent infusion as compared to
that with diluent infusion in the CPA3-Cre; Mcl-1+/+ control mice (p < 0.05). There was no
significant difference in the lymphocyte population among any of the treatment groups
following the 7-day infusion (Tables 1 and 2).
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Table 2. Statistical analysis of 3- and 7-day infusion in non-diabetic kit-independent MC-deficient
mice and controls (Cpa3-Cre; Mcl-1fl/fl and Cpa3-Cre; Mcl-1+/+).

Tukey’s Multiple Comparisons Test Total Cells PMNs MQ/Mo LYMPH MC

Summary Summary Summary Summary Summary

Group 1 Group 2 3-Day 7-Day 3-Day 7-Day 3-Day 7-Day 3-Day 7-Day 3-Day 7-Day

Saline CPA3-Cre;
Mcl-1+/+

Saline CPA3-Cre;
Mcl-1fl/fl ns ns ns ns ns ns ns ns ns ns

Saline CPA3-Cre;
Mcl-1+/+

Diluent
CPA3-Cre;
Mcl-1+/+

*** * ** * *** * ns ns * ns

Saline CPA3-Cre;
Mcl-1+/+

Diluent
Cpa3-Cre;
Mcl-1fl/fl

ns ns ns ns ns ns ns ns ns ns

SalineCpa3-Cre;
Mcl-1fl/fl

Diluent
CPA3-Cre;
Mcl-1+/+

*** * ** * *** ns ns ns * ns

Saline Cpa3-Cre;
Mcl-1fl/fl

Diluent
Cpa3-Cre;
Mcl-1fl/fl

ns ns ns ns ns ns ns ns ns ns

Diluent
CPA3-Cre;
Mcl-1+/+

Diluent
Cpa3-Cre;
Mcl-1fl/fl

*** ** ** ** *** * ns ns * *

Statistical significance for FACS analysis of total cells, neutrophils (PMNs), macrophages/monocytes (MQs/Mos),
lymphocytes (lymph), and MCs (MC) following the 3-day and 7-day infusion of saline or diluent into the air
pouch of non-diabetic MC-deficient mice, Cpa3-Cre; Mcl-1fl/fl, and control mice, Cpa3-Cre; Mcl-1+/+. Analyses
were performed with one-way ANOVA and a Tukey post-hoc multiple comparison test. * p < 0.05, ** p < 0.01,
*** p < 0.001, ns = not significant.

3.3. Total Protein Analysis of Lavage Fluid following Saline and Diluent Infusion

Previous studies have indicated that IPP-induced inflammation leads to edema in
the air pouch tissue of mice following infusion for up to 7 days [10]. To evaluate the
impact of MCs on edema following IPP infusion, total protein in the lavage fluid was
quantified following the infusion of either saline or diluent into the air pouch of non-
diabetic mice (Figure 4). The infusion of diluent over a 3-day period into the air pouch of
control C57BL/6J mice revealed significantly more total protein as compared to that with
the infusion of saline or diluent into KitW-Sh mice (Figure 4A, p < 0.0001 and p < 0.001,
respectively). Similarly, when the air pouch of Cpa3-Cre; Mcl-1fl/fl mice was infused with
saline or diluent, there was significantly less total protein present when compared to diluent
infusion of the control mice CPA3-Cre; Mcl-1+/+ (Figure 4C, p < 0.0001). Furthermore, there
was significantly less total protein following the 3-day saline infusion when compared to
that with 3-day diluent infusion from both control mice, C57BL/6J and CPA3-Cre; Mcl-1+/+

(Figure 4A, p < 0.05 and p < 0.01, respectively). A similar pattern was seen when evaluating
the lavage fluid following the 7-day infusion (Figure 4B,D). Saline and diluent infusion
into the air pouch of KitW-Sh mice resulted in significantly less total protein present when
compared to diluent infusion into the C57BL/6J air pouch (Figure 4B, p < 0.01 and p < 0.001,
respectively). Similarly, saline and diluent infusion into the Cpa3-Cre; Mcl-1fl/fl mice led to
significantly less total protein when compared to diluent infusion into the control mice,
CPA3-Cre; Mcl-1+/+ (Figure 4D, p < 0.01).
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Figure 4. Impact of mast cell (MC) deficiency on total protein present in the air pouch fluid following
infusion for 3 and 7 days into the air pouch of non-diabetic animals. Quantification of total protein
present in the air pouch fluid following the infusion of saline and diluent for 3 days (A,C) and 7 days
(B,D) into the air pouch of control mice (C57BL/6J and Cpa3-Cre; Mcl-1+/+) and MC-deficient mice
(c-KitW-sh/W-Sh and Cpa3-Cre; Mcl-1fl/fl). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, using
one-way ANOVA with Tukey HDS multiple comparisons test.

3.4. KitW-Sh and Cpa3-Cre; Mcl-1fl/fl MC-Deficient Mice Exhibit Reduced Tissue Reactions
following Phenolic Preservative Infusion

To determine whether MC deficiency resulted in a reduced tissue response to the
continuous air pouch infusion of saline or diluent, we evaluated the air pouch tissue using
standard histopathology techniques (Figure 5). Histopathological evaluation revealed that
saline infusion for 3 days into the air pouch of the control mice (C57BL/6J and CPA3-Cre;
Mcl-1+/+) resulted in the light scattering of inflammatory cells near the air pouch interface
(Figure 5A,Q). However, diluent infusion into the control mice resulted in a greater number
of inflammatory cells directly near the air pouch interface and spreading out to the adjoining
tissue (Figure 5B,R). Saline and diluent infusion into the air pouch of both MC-deficient
mouse strains (KitW-Sh and Cpa3-Cre; Mcl-1fl/fl) revealed comparable tissue responses to the
saline infusion into the C57BL/6J control mouse strain (Figure 5C–D,S–T). This was evident
based on the minimal number of inflammatory cells near the air pouch and surrounding
tissue. Most of the accumulating inflammatory cells were PMNs and macrophages (MQs),
as confirmed by H&E and F4/80 immunohistochemical staining. PMNs are F4/80 negative
but were confirmed morphologically using H&E analysis. The MQ presence was limited
following saline and diluent infusion into the air pouch for the KitW-Sh and Cpa3-Cre; Mcl-
1fl/fl mice (Figure 5K,L,AA,BB). There was a greater presence of MQs near the air pouch
and surrounding tissue following diluent infusion into the air pouch of mice that were
MC-sufficient (Figure 5J,Z).
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Figure 5. Histopathologic evaluation of mouse air pouch tissue following the infusion of saline
and diluent into the control and MC-deficient non-diabetic mice. To evaluate the tissue reactions
following the infusion of either saline or diluent into the air pouch of various mouse models, the
mouse air pouch tissue was collected at the end of 3- and 7-day infusions (post-lavage). Standard
hematoxylin (H&E) staining was performed on the c-kit-dependent MC-deficient mice Kit W-Sh/W-Sh

and controls C57BL/6J (A–H), as well as the c-kit-independent MC-deficient mice, CPA3-Cre; Mcl-1fl/fl,
and controls, CPA3-Cre; Mcl-1+/+ (Q–X). To evaluate the presence and distribution of macrophages,
a macrophage-specific F4/80 antibody was utilized (I–P, Y–FF). Controls of normal IgG are also
represented (GG–NN). The location of the air pouch is designated by (*). All images are 40×
magnification.

Overall, the tissue response following the 7-day infusion of saline and diluent into
the MC-deficient mice (Figure 5G,H,W,X) was similar to the 3-day tissue response of these
mice. The presence of MQ in this tissue was also minimal with a few MQs scattered
through the air pouch tissue (Figure 5O,P,EE,FF). However, there was a more prominent
MQ presence in the C57BL/6J mice near the air pouch and surrounding tissue following
the 7-day infusion of diluent (Figure 5N,DD). Saline infusion into the C57BL/6J mice for
7 days resulted in slightly more inflammatory cells, including MQs, near the air pouch
when compared to 3 days (Figure 5E,M,U,CC). Normal IgG did not result in any specific or
non-specific staining for all treatments (Figure 5GG–NN).

3.5. Insulin Infusion into Air Pouch Does Not Augment Leukocyte Influx

As it is well known that wound-healing defects are aberrant in diabetes [27,28], we
investigated leukocyte influx into the air pouch of C57BL/6J- and KitW-Sh-STZ-induced
diabetic mice infused with either saline, diluent, or insulin (Figure 6, Tables 3 and 4). The
STZ-induced C57BL/6J and KitW-Sh mice showed similar leukocyte influx patterns when
compared to those in the non-diabetic group for both time points, 3 and 7 days. As was
the case for non-diabetic mice, saline infusion led to a significantly lower total leukocyte
presence when compared to that with diluent and insulin infusion into the air pouch
of C57BL/6J diabetic mice (Figure 6A,C). Similarly, saline air pouch infusion into KitW-Sh

diabetic mice led to significantly less overall leukocyte recruitment as compared to that with
diluent or insulin infusion into the air pouch of C57BL/6J diabetic mice. Diluent and insulin
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infusion into diabetic C57BL/6J mice led to significantly more leukocyte recruitment when
compared to that with diluent or insulin infusion into KitW-Sh diabetic mice (Figure 6A,C).
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Figure 6. Impact of mast cell (MC) deficiency on total leukocyte influx and leukocyte subpopulations
following infusion for 3 and 7 days into the air pouch of diabetic animals. (A) Quantitative analysis of
the total leukocytes present in the air pouch of C57BL/6J control and c-KitW-sh/W-Sh MC-deficient mice
infused with saline, diluent, and insulin for 3 days. (B) Quantification of the leukocyte subpopulations
PMNs, MQs/Mos, and lymphocytes following the infusion of saline, diluent, and insulin into
C57BL/6J control and c-KitW-sh/W-Sh MC-deficient mice. (C) Quantitative analysis of the total leukocyte
presence in the air pouch of C57BL/6J control and c-KitW-sh/W-Sh MC-deficient mice infused with saline,
diluent, and insulin for 7 days. (D) Quantification of the leukocyte subpopulations PMNs, MQs/Mos,
and lymphocytes following the infusion of saline and diluent into Cpa3-Cre; Mcl-1+/+ control and
Cpa3-Cre; Mcl-1fl/fl MC-deficient mice. Statistical analyses can be found in Tables 3 and 4.

Leukocyte subpopulation analysis of PMNs, MQs/Mos, and lymphocytes was per-
formed on 3- and 7-day infusions for both C57BL/6J and KitW-Sh STZ-induced diabetic mice
(Figure 6B,D and Tables 3 and 4). There were significantly fewer PMNs recruited to the air
pouch following saline infusion into the C57BL/6J diabetic mice as compared to with diluent
infusion into the same mice for both time points (p < 0.05). Saline infusion into the air
pouch of KitW-Sh diabetic mice led to a significantly lower PMN presence when compared to
diluent infusion into C57BL/6J mice over 3 days (p < 0.01), but no statistical significance was
observed for the 7-day infusion. However, a different trend was observed for the MQ/Mo
presence between the two time-points. Specifically, there were significantly fewer total
MQs/Mos following the infusion of saline into diabetic C57Bl/6J mice when compared to
numbers with insulin infusion in the same mice for both time points (p < 0.01 and p < 0.05,
respectively). Furthermore, saline infusion into KitW-Sh diabetic mice led to significantly
fewer total MQs/Mos as compared to numbers with insulin infusion into C57BL/6J mice
for 3 and 7 days (p < 0.001 and p < 0.05, respectively). Diluent and insulin infusion into
C57BL/6J diabetic mice led to significantly greater MQ/Mo recruitment to the air pouch
when compared to that with the insulin infusion of MC-deficient mice for 3 days (p < 0.05
and p < 0.0001, respectively) and 7 days (p < 0.01 and p < 0.05, respectively). Also, insulin
infusion into C57BL/6J diabetic mice resulted in a significantly greater MQ/Mo presence
as compared to that with diluent infusion into MC-deficient mice for 3 days (p < 0.001).
Lymphocyte analysis was also performed among the treatment groups, and there were
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significantly more lymphocytes recruited to the air pouch following insulin infusion into
C57BL/6J mice as compared to with diluent or insulin infusion into MC-deficient mice
for the 3-day infusion (p < 0.05). There were no significant differences in lymphocyte
recruitment among any of the treatment groups for 7 days (Table 4).

Table 3. Statistical analysis of 3-day infusion in diabetic kit-dependent MC-deficient mice and controls
(C57BL6/J vs. Kit W-Sh/W-Sh).

Tukey’s Multiple Comparisons Test Total Cells PMNs MQ/Mo LYMPH

Group 1 Group 2 Summary Summary Summary Summary

Saline C57BL/6J Saline Kit W-Sh/W-Sh ns ns ns ns

Saline C57BL/6J Diluent C57BL/6J * * ns ns

Saline C57BL/6J Diluent Kit W-Sh/W-Sh ns ns ns ns

Saline C57BL/6J Insulin C57BL/6J *** ns ** ns

Saline C57BL/6J Insulin Kit W-Sh/W-Sh ns ns ns ns

Saline Kit W-Sh/W-Sh Diluent C57BL/6J * ** ns ns

Saline Kit W-Sh/W-Sh Diluent Kit W-Sh/W-Sh ns ns ns ns

Saline Kit W-Sh/W-Sh Insulin C57BL/6J *** ns *** ns

Saline Kit W-Sh/W-Sh Insulin Kit W-Sh/W-Sh ns ns ns ns

Diluent C57BL/6J Diluent Kit W-Sh/W-Sh ** ** ns ns

Diluent C57BL/6J Insulin C57BL/6J ns ns ns ns

Diluent C57BL/6J Insulin Kit W-Sh/W-Sh ** ** * ns

Diluent Kit W-Sh/W-Sh Insulin C57BL/6J **** ns *** *

Diluent Kit W-Sh/W-Sh Insulin Kit W-Sh/W-Sh ns ns ns ns

Insulin C57BL/6J Insulin Kit W-Sh/W-Sh **** ns **** *

Statistical significance for FACS analysis of total cells, neutrophils (PMNs), macrophages/monocytes (MQs/Mos),
and lymphocytes (lymph) following the 3-day infusion of saline, diluent, and insulin into the air pouch of diabetic
MC-deficient mice, Kit W-Sh/W-Sh, and control mice, C57BL/6J. Analyses were performed with one-way ANOVA
and a Tukey post-hoc multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not
significant.

Table 4. Statistical analysis of 7-day infusion in diabetic kit-dependent MC-deficient mice and controls
(C57BL6/J vs. Kit W-Sh/W-Sh).

Tukey’s Multiple Comparisons Test Total Cells PMNs MQ/Mo LYMPH

Group 1 Group 2 Summary Summary Summary Summary

Saline C57BL/6J Saline Kit W-Sh/W-Sh ns ns ns ns

Saline C57BL/6J Diluent C57BL/6J ** * ** ns

Saline C57BL/6J Diluent Kit W-Sh/W-Sh ns ns ns ns

Saline C57BL/6J Insulin C57BL/6J * ns * ns

Saline C57BL/6J Insulin Kit W-Sh/W-Sh ns ns ns ns

Saline Kit W-Sh/W-Sh Diluent C57BL/6J ** ns ** ns

Saline Kit W-Sh/W-Sh Diluent Kit W-Sh/W-Sh ns ns ns ns

Saline Kit W-Sh/W-Sh Insulin C57BL/6J * ns * ns

Saline Kit W-Sh/W-Sh Insulin Kit W-Sh/W-Sh ns ns ns ns
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Table 4. Cont.

Tukey’s Multiple Comparisons Test Total Cells PMNs MQ/Mo LYMPH

Group 1 Group 2 Summary Summary Summary Summary

Diluent C57BL/6J Diluent Kit W-Sh/W-Sh * ns ** ns

Diluent C57BL/6J Insulin C57BL/6J ns ns ns ns

Diluent C57BL/6J Insulin Kit W-Sh/W-Sh * * ** ns

Diluent Kit W-Sh/W-Sh Insulin C57BL/6J ns ns ns ns

Diluent Kit W-Sh/W-Sh Insulin Kit W-Sh/W-Sh ns ns ns ns

Insulin C57BL/6J Insulin Kit W-Sh/W-Sh * ns * ns

Statistical significance for FACS analysis of total cells, neutrophils (PMNs), macrophages/monocytes (MQs/Mos),
and lymphocytes (lymph) following the 7-day infusion of saline, diluent, and insulin into the air pouch of diabetic
MC-deficient mice, Kit W-Sh/W-Sh, and control mice, C57BL/6J. Analyses were performed with one-way ANOVA
and a Tukey post-hoc multiple comparison test. * p < 0.05, ** p < 0.01, ns = not significant.

3.6. Insulin Infusion Does Not Intensify Inflammation

Using non-diabetic mice, we demonstrated that both MC-deficient strains, KitW-Sh

and Cpa3-Cre; Mcl-1fl/fl, experienced significantly fewer tissue reactions than control mice
(C57BL/6J and CPA3-Cre; Mcl-1+/+) during diluent infusion. Thus, we investigated if insulin
infusion would augment the tissue reaction using STZ-induced diabetic C57BL/6J and
KitW-Sh mice. These diabetic mice were infused with saline, diluent, or insulin for 3 days and
7 days continuously, and the same histological analyses were performed on the air pouch
tissue post-infusion as was accomplished on the non-diabetic air pouch tissue (Figure 7).
Diluent and insulin infusion for 3 days into the air pouch of the diabetic control mice
(C57BL/6J) led to greater numbers of inflammatory cells, specifically neutrophils (PMNs)
and macrophages (MQ), adjacent to the air pouch and surrounding tissue as compared to
those in the diabetic MC-deficient mouse air pouch tissue (KitW-Sh) (Figure 7B–F). Saline
infusion into the control mice was comparable to the MC-deficient mice with limited
number of inflammatory cells near the air pouch (Figure 7A). The MQ presence was also
greater in the control mice infused with diluent and insulin, with MQs present directly at
the air pouch interface and in the surrounding tissue (Figure 7H,I). However, MQs were
limited in the MC-deficient air pouch tissue infused with saline, diluent, and insulin, as
well as in the control tissue infused with saline (Figure 7G,J–L).

Overall, there was a similar pattern of the inflammatory cell presence following the
7-day infusion into the diabetic mice. However, there were notably more MQs present in
the tissue of the control mice. More specifically, the infusion of diluent and insulin into
diabetic control mice led to a more pronounced band of inflammatory cells near the air
pouch, as well as a greater number of MQs directly near the air pouch (Figure 7N,O,T,U).
Furthermore, diluent and insulin infusion into the control mice led to the substantial
presence of proteinaceous material (e.g., red staining material in H&E-stained slides)
(Figure 7N,O). The infusion of saline, diluent, and insulin into the MC-deficient mice for
7 days led to a similar tissue response to that with the 3-day infusion with a limited number
of inflammatory cells and MQs at and near the air pouch (Figure 7Q,R,W,X). Normal IgG
did not show any specific or non-specific staining for all treatment groups (Figure 7Y–DD).
Overall, we did not observe any differences in tissue reactions when comparing insulin
infusion versus phenolic preservative (e.g., diluent) infusion.
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location of the air pouch is designated by (*). All are 40× magnification. 
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disease pathogenesis and wound healing [13,29–31]. The Cre-loxP recombination system 
provides MC-deficiency, yet it lacks the abnormalities related to the c-kit expression and 
structure [25,32,33]. Thus, this additional mouse model was chosen to investigate leuko-
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through flow cytometry analysis of the cell lavage contents, including histopathologic 
analysis. Notably, two independent MC-deficient mouse strains, the Cpa3-Cre; Mcl-1fl/fl 
and the C57BL/6j-KitW-Sh/W-sh, demonstrated the same outcome. Thus, we conclude that ob-
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while utilizing two distinctive different MC-deficient mouse strains establishes an MC 
role in IPP-induced inflammation. 
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Figure 7. Histopathologic evaluation of mouse air pouch tissue following the infusion of saline,
diluent, and insulin into control and MC-deficient diabetic mice. To evaluate the tissue reactions
following the infusion of either saline, diluent, or insulin into the air pouch of diabetic MC-deficient
mice and controls, the mouse air pouch tissue was collected at the end of 3- and 7-day infusions
(post-lavage). Standard hematoxylin (H&E) staining was performed on the c-kit-dependent MC-
deficient mice, Kit W-Sh/W-Sh, and controls, C57BL/6J, following the 3-day infusion (A–F) and 7-day
infusion (M–R). To evaluate the presence and distribution of macrophages, a macrophage specific
F4/80 antibody was utilized (G–L, S–X). Controls of normal IgG are also represented (Y–DD). The
location of the air pouch is designated by (*). All are 40× magnification.

4. Discussion

This study elucidated the role of MCs in IPP-induced inflammation during subcuta-
neous insulin infusion using c-kit-dependent and c-kit-independent MC-deficient mice,
including a murine air pouch model. These studies used a genetic approach designed to
analyze MC functions in IPP-induced inflammation. MC-deficient mice with a mutation in
KIT, such as C57BL/6-KitW-sh/W-sh, have been extensively used to study the role of MCs in
disease pathogenesis and wound healing [13,29–31]. The Cre-loxP recombination system
provides MC-deficiency, yet it lacks the abnormalities related to the c-kit expression and
structure [25,32,33]. Thus, this additional mouse model was chosen to investigate leukocyte
recruitment following continuous infusions for 3 and 7 days in a mouse air pouch through
flow cytometry analysis of the cell lavage contents, including histopathologic analysis.
Notably, two independent MC-deficient mouse strains, the Cpa3-Cre; Mcl-1fl/fl and the
C57BL/6j-KitW-Sh/W-sh, demonstrated the same outcome. Thus, we conclude that obtaining
the same results using a pharmacological approach [11] and a genetic approach while
utilizing two distinctive different MC-deficient mouse strains establishes an MC role in
IPP-induced inflammation.

The histopathological evaluations of the air pouch post-lavage indicated that MC
absence led to substantially less leukocyte recruitment following IPP infusion. More specif-
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ically, the presence of MQs/Mos and PMNs near the air pouch interface was noticeably
diminished when diluent was infused into the MC-deficient mice (Figure 5). Furthermore,
in the control mice, which are MC sufficient, edema was evident following diluent infusion
as evidenced by the pink-stained band directly near the air pouch. This edema was substan-
tially reduced in the air pouch tissue collected from the MC-deficient mice. This is further
supported by the protein content quantified from the air pouch fluid (Figure 4). The protein
content in the lavage fluid collected from the MC-deficient mice was significantly less
than that in the lavage fluid collected from the control mice (Figure 4). This lends further
credence to our hypothesis that MC presence during IPP-induced inflammation incites
acute inflammation that is characterized by edema and leukocyte infiltration. These data
correlate with other MC-deficient studies, which showed reduced leukocyte recruitment in
response to a stimulus [25]. This was expected as MCs contribute to neutrophil recruitment
while concomitantly synthesizing chemokines to operate in synergy with MQs, permitting
leukocyte migration deep into the inflamed tissue site [34]. MCs are known to release
CCL-2/MCP-1, a strong chemoattractant for monocytic cells [35]. In addition, MC and
macrophage interaction occurs through the MC surface receptors FcεRI and MQ caspase-1
expression, which is up-regulated following contact with MCs [36]. As our lavage data
demonstrated that MQs are one of the dominant cells at the site of IPP infusion sets, future
studies are directed to gain a better understanding of the role of mast cell–macrophage
interactions and how they may contribute to the tissue reaction at the site of subcutaneous
insulin administration. Future studies should also investigate specific pro-inflammatory
mediators distributed following IPP-induced MC activation. This will provide important
information regarding the specific chemokines and cytokines released, including their role
in pro-inflammatory pathways.

Diabetic patients experience an increase in MC degranulation and suboptimal wound
healing [27,28,37]. Thus, we investigated the role of the MC presence in diabetic animals
in KitW-Sh STZ-induced diabetic mice, including a control strain, during infusion studies.
These studies demonstrated that a lack of MCs in diabetic mice is associated with reduced
leukocyte recruitment following the infusion of the preservative diluent and the insulin
Humalog® for days 3 and 7. The histopathological evaluation of the diabetic air pouch tissue
following the infusion of diluent or Humalog® indicated substantially fewer inflammatory
cells near the air pouch interface as compared to numbers in the air pouch tissue from
the diabetic control mice. Furthermore, the use of a macrophage-specific antibody, F4/80,
indicated that the macrophage presence was considerably decreased in the air pouch tissue
of diabetic mice deficient in MCs and when infused with diluent or Humalog®. This further
supports the hypothesis that IPP activates MCs, which leads to chronic inflammation
that may be characterized by macrophage presence. Of note is the significantly increased
total leukocyte count mainly driven by an increased neutrophil influx at 3 days in the air
pouch of non-diabetic control mice (C57BL/6J) (Figure 2A,B). This was not repeated at
day 7 or in the HSD:CD-1 strains [6–8,10,11]. Although, reduced PMN chemotaxis [38],
including the reduced leukocyte recruitment in diabetes patients [39] compared to that
in non-diabetic controls, has been demonstrated, the reduced immune response in IPP-
induced leukocyte influx in STZ-induced diabetic C57BL/6J mice over a 3-day period
warrants further investigation.

5. Conclusions

Concordant results using two independent MC-deficient mouse models establishes
an MC role in IPP-induced infusion. Furthermore, these studies indicate the therapeutic
potential of targeting MCs to attenuate insulin preservative-induced inflammation ensuring
healthy tissue at the site of prolonged insulin administration.
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