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Article

Transitioning to Telehealth during COVID-19: Experiences and
Insights from Diabetes Prevention and Management Program
Providers in Los Angeles County
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Abstract: The onset of the COVID-19 pandemic in March 2020 accelerated the efforts of several
organizations providing the National Diabetes Prevention Program (National DPP) and the Diabetes
Self-Management Education and Support (DSMES) program to rapidly transition from in-person ser-
vice delivery to program administration via telehealth. Semi-structured interviews were conducted
with 35 National DPP and DSMES experts and providers in Los Angeles County to gain a better un-
derstanding of the challenges and benefits associated with this transition. Interviews were completed
during June to October 2021. Thematic analyses were performed using the Social-Ecological Model as
a guiding framework. The analyses revealed several factors that influenced the transition, including
at the individual (e.g., technology and health behaviors), interpersonal (e.g., social connections and
support), organizational (e.g., provider workload and program enrollment and retention), community
(e.g., recruitment), and policy (e.g., government support and reimbursement for telehealth services)
levels. Findings suggest that the transition to telehealth was challenging for most National DPP and
DSMES providers. However, because of its lower cost, ability to reach long distances virtually, and
potential efficiency when employed as part of a hybrid approach, this delivery modality remains
viable, offering benefits beyond the traditional program models.

Keywords: key informant interviews; prevention of type 2 diabetes; self-management of type
2 diabetes; National DPP; DSMES; telehealth; provider experiences; COVID-19

1. Introduction

In the United States, an estimated 34.1 million adults have diabetes, and 88 million have
prediabetes [1]. In Los Angeles County, California, approximately 1 in 10 adults has been
diagnosed with type 2 diabetes [2]. Individuals with diabetes are at risk for many serious
health problems, including heart disease, stroke, chronic kidney failure, amputations
of lower limbs, blindness, and premature death [3]. They are also at increased risk for
severe disease and death from the coronavirus disease 2019 (COVID-19) [4]; thus, limiting
exposure to the virus that causes COVID-19 has been a critical priority for protecting
individuals with these conditions throughout the pandemic.

Diabetology 2023, 4, 46–61. https://doi.org/10.3390/diabetology4010006 https://www.mdpi.com/journal/diabetology
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Even before the pandemic, efforts to locally promote diabetes prevention and man-
agement have focused on increasing access to and use of the National Diabetes Prevention
Program (National DPP) and Diabetes Self-Management Education and Support (DSMES)
program services. The National DPP is a year-long lifestyle change program based on the
original Diabetes Prevention Program [5–7], which has been shown to reduce the incidence
of diabetes in the short term and over time [5,8]. Likewise, DSMES is an evidence-based
service model designed for individuals diagnosed with diabetes, with education services
that have been shown to improve eating patterns, activity levels, and hemoglobin A1C
(HbA1c) levels among program participants [9].

While telehealth is not a novel approach to either program model, the onset of the
COVID-19 pandemic in March 2020 accelerated its use by National DPP and DSMES
providers across Los Angeles County (LAC) and elsewhere in the United States (U.S.). This
rapid transition from in-person service delivery to a virtual format was unprecedented
in this regard. Telehealth, by definition and by standard practice, includes the use of
telecommunications technologies of various forms to provide healthcare and health edu-
cation. The modality can involve live videoconferencing, the electronic transmission of
health information, and the use of devices to collect and transmit data to providers to assist
with clinical decision-making (e.g., remote glucose monitor, remote weight monitoring
device) [10].

Prior to the pandemic, both National DPP and DSMES programming were offered
in-person, sometimes via telehealth, and through other technology-based modalities [8,11].
Prior studies indicate that programs delivered via telehealth can result in observable
improvements to health and behavioral outcomes [11–16]. However, the majority of
organizations providing National DPP and DSMES in LAC at the start of the pandemic
provided them primarily in-person [17,18]. Nationally, the use of telehealth for these
two programs, and for healthcare services more broadly, had been low before the health
crisis [19–21]. Reported barriers to telehealth included a lack of technical skills and/or
equipment, privacy and security concerns, provider comfort and organizational support
of the modality, and a lack of adequate reimbursement for such services [22–24]. The
shelter-in-place orders and other efforts to decrease the spread of COVID-19, in a sense,
forced providers to come up with innovative solutions to these barriers as they moved
from a traditional in-person delivery model to telehealth.

Although pre-pandemic research on telehealth is not sparse in the health services
research literature, it has not been conducted for transitions that took place on a very short
timeline. For example, little is known about the challenges or the optimal practices that
are needed to rapidly switch from primarily in-person sessions to virtual sessions that are
facilitated by evolving technology platforms such as Zoom, GoToMeeting, or Doximity.
This study explores the experiences and insights of 35 National DPP and DSMES experts
and providers in LAC to identify opportunities where integration of telehealth into these
2 program models can help improve the delivery of diabetes prevention and management
services, including ways to better increase participation and retention.

2. Methods

2.1. Study Design

A qualitative, key informant study was employed for this project. Thirty-five semi-
structured interviews were conducted between June and October 2021. A core project team
guided the design, methods, data collection, and analysis of the interview data. The team
consisted of staff from Ad Lucem Consulting and the Los Angeles County Department of
Public Health (DPH). The DPH’s Institutional Review Board reviewed and approved the
study protocols and materials.

2.2. Setting

In LAC and at the time of the study, there were approximately 35 organizations
that were either accredited by the American Association of Diabetes Care and Education

2



Diabetology 2023, 4

Specialists (ADCES) or recognized by the American Diabetes Association (ADA) to provide
DSMES services [17], and 43 organizations that provided the National DPP [18]. Some
of these organizations provided both National DPP and DSMES services. Many that
offered the National DPP had applied for and received recognition from the Centers
for Disease Control and Prevention (CDC) Diabetes Prevention Recognition Program
(DPRP), a program entity that reviews and affirms the effective delivery of DPP services.
The organizations providing these services included hospitals and healthcare systems,
community-based organizations, Federally Qualified Health Centers (FQHCs), community
health centers, pharmacies, universities, and health plans/insurers.

2.3. Participants

Key informant interviews were conducted with experts and providers of National DPP
and/or DSMES programs in LAC. The former were not restricted to local experts—they
included subject matter experts from across the U.S. For both experts and providers, DPH
assisted with recruitment. Some of the expert interviewees were identified through a literature
review, and others were identified as “experts” by other interviewees. Experts were primarily
selected based on their knowledge of and/or experience with delivering the National DPP
and/or the DSMES program. All prospective interviewees were invited via email first, with
follow-up phone calls as needed. In total, 56 experts and providers were contacted, and
35 were interviewed (62% response rate).

2.4. Data Collection

Two semi-structured interview guides were developed for the study, one for ex-
perts and the other for providers (see Supplementary Materials (S1) for interview guide
questions). Both guides include questions about the impact of COVID-19 on National
DPP/DSMES program delivery, challenges and optimal practices associated with integrat-
ing/implementing telehealth sessions, and policy and systems changes that are likely to
be necessary to support and sustain telehealth practices. Experts were asked to assess the
value or impacts of telehealth and what the future may look like for National DPP/DSMES
that continue telehealth services. Providers were asked questions about the infrastructure
and capacity needed to implement telehealth.

All interviewees provided consent prior to being interviewed and did not receive
compensation for their participation. Each interview required approximately 45 min to
complete, and all interviews were conducted and recorded via videoconferencing software
by trained interviewers. Verbatim transcripts were generated, checked for accuracy, and
loaded into ATLAS.ti (Version 22.0.6.0, access on 15 December 2022) [25] for sorting and
qualitative analysis.

2.5. Qualitative Data Analysis

Interview transcripts were initially coded in ATLAS.ti for themes and subthemes
using thematic analysis [26]. A codebook was then developed based on the identified
themes. The transcripts were double-coded, and any differences were resolved during
team meetings. The lead author coded all the transcripts, and two trained undergraduate
research assistants each coded approximately half of the transcripts.

The social-ecological model (SEM) was used as a framework to describe factors that
influenced the transition from in-person service delivery to services offered via telehealth.
The SEM is a theory-based framework that recognizes the complex interactions between
individuals, their social networks, and broader structural factors through five levels: indi-
vidual, interpersonal, organizational/institutional, community, and policy [27]. The SEM
has been used previously to identify factors that impact health and well-being and as the
guiding framework for health promotion interventions in the community. This model
serves as the organizing framework for themes identified in this study.
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3. Results

A total of 35 interviews were conducted with National DPP/DSMES experts and
providers. Nine were conducted with experts who represented the following organization
types: health management and training (n = 4), health professional association (n = 3),
state public health (n = 1), and academia (n = 1). Twenty-six were with providers, in
particular, with individuals from hospitals/healthcare systems (n = 8), community health
centers (n = 7), private/small businesses (n = 4), universities (n = 3), Health Resources and
Services Administration-funded FQHCs (n = 3), and health plans/insurers (n = 1). Many
of the providers interviewed serve populations with a high burden of diabetes and other
chronic diseases.

Two expert interviewees could speak to both National DPP and DSMES delivery, two
could speak to just DSMES services, and six could speak to just National DPP programming.
Of the experts, two were also DPP providers, and one was delivering both National DPP
and DSMES.

Almost all providers were providing in-person sessions prior to the COVID-19 pan-
demic, and only 2 of the 26 providers were already offering primarily telehealth National
DPP and/or DSMES services. Majority of providers switched to providing telehealth
services shortly after the start of the pandemic. In most cases, telehealth delivery in-
cluded videoconferences and/or telephone conference calls with groups or individuals.
Experts and providers used different terminology to refer to the virtual delivery of ser-
vices/programming (e.g., distance learning, telehealth visits, online sessions). For consis-
tency, we use “telehealth sessions” to refer to these services. Table 1 provides an overview
of the mode of delivery before and during the pandemic by program type.

Table 1. National Diabetes Prevention Program and Diabetes Self-Management Education and
Support program delivery before and after the start of the COVID-19 pandemic among 26 providers
that participated in the key informant interviews.

Program Delivery before the
Pandemic

Program Delivery after Start of the Pandemic

In-Person
Delivery

Telehealth

Continued
to Offer

Primarily
Telehealth

Switched to
Telehealth
National

DPP

Stopped
Offering
National

DPP

Switched to
Telehealth

DSMES

Stopped
Offering
DSMES

National
DPP ONLY 9 1 * 1 6 3 N/A N/A

DSMES
ONLY 5 0 0 N/A N/A 5 0

National DPP
and DSMES 10 1 * 1 8 2 9 1

* One provider was already offering the National DPP via telehealth, and another provider was offering both the
National DPP and DSMES services via telehealth before the pandemic.

3.1. Major Themes

The themes identified during data analysis are described below and in Figure 1 and
Table 2 according to the levels of the SEM. It is important to note that some themes included
more than one level of influence and were organized according to where they fit best in the
conceptual model.
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Figure 1. Social-ecological model with factors influencing telehealth delivery of the National Diabetes
Prevention Program and Diabetes Self-Management Education and Support program during the
COVID-19 pandemic.

Table 2. Themes and representative quotes related to telehealth delivery of the National Diabetes
Prevention Program and Diabetes Self-Management Education and Support program during the
COVID-19 pandemic by level of the social-ecological model.

Factors Themes Representative Quote(s)

Individual Participant Factors: Challenges and optimal practices influencing participants’ ability to successfully participate in telehealth National
DPP and DSMES

Access to and comfort with
technology

Comfort and access to technology among
participants was mixed
Tailored and consistent technical assistance
helped many participants overcome issues
with technology
Despite providers’ efforts, some participants
were not willing or able to engage in telehealth

“We had some groups where 50% of our group didn’t have access
to a phone . . . And then we had other groups that made the
switch very easily . . . [They had] access to the internet”. National
DPP Expert and Provider
“We created a little handout flyer with like a one pager on the
steps on how to connect to the class. And we mailed it to them.
We use that and we use phone calls to guide them through it”.
National DPP and DSMES Provider

Motivation and ability to
engage in healthy behaviors

Challenges collecting health data via telehealth
made it difficult to determine the impact of the
transition on
health behaviors
Participants’ motivation and ability to engage
in healthy behaviors and achieve certain
health outcomes was mixed
Providers helped participants set
individualized goals to overcome challenges
and provided resources
when needed

“They really didn’t want to share their weights. Also, we heard
several people saying that they don’t have access to a weighing
scale. So that kind of decreased the number of people reporting
weights”. National DPP Provider
“There was a lot of stress on participants and instead of trying to
reach the DPP goal of weight loss, perhaps they would just focus
on weight maintenance”. National DPP Provider

5
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Table 2. Cont.

Factors Themes Representative Quote(s)

Interpersonal Factors: Challenges and optimal practices for facilitating relationships and engagement in a virtual environment

Creating engaging virtual
environments and making
social connections virtually

Establishing relationships between
participants and between participants and
providers was challenging in a virtual
environment
Modifying materials and delivery of
curriculum, using the platform functions,
sending group texts, and creating social media
groups increased engagement
and connection
Hybrid approaches (in-person and telehealth)
may be useful for establishing relationships
and improving
telehealth sessions

“They can connect to us. The language, the culture, we live in this
community. And that helped us to have a very successful
in-person class. But how do I make that connection virtually? It’s
just not there”. National DPP and DSMES Provider
“I hate to say that it’s kind of like edutainment, so the more
colorful and the more interesting your materials are, the more
you’ll get their attention”. National
DPP Provider

Organizational Factors: Overcoming provider and organizational barriers to providing telehealth and maintaining enrollment and retention in the
programs

Provider comfort with
telehealth platforms

Comfort and familiarity with telehealth
platforms and delivery was mixed
among providers
Training sessions for providers can be helpful
for overcoming challenges with platforms and
telehealth delivery
Contingency plans are needed to deal with
technical challenges

“Our Diabetes Prevention Program teams were not on the cutting
edge of providing telehealth programming. So, there was a big
learning curve for them”. National
DPP Provider
“Your platform might be great and awesome, but the internet
might go out . . . I always have a dial-in conference line so
everyone can get on the phone and talk”. National DPP Expert
and Provider

Provider workload

Transitioning to telehealth increased the
workload of many providers initially but may
ultimately save time and allow for program
expansion

“You don’t have to travel. You don’t have to go anywhere. You
can run it from your home office . . . So those two to three, or
even four hours can be used for education . . . It can be evolved
into providing more classes”. National DPP Expert and Provider

Enrollment and retention

Programs experienced an initial drop in
enrollment and retention, but many recovered
and were able to expand and reach different
audiences
Telehealth availability increased accessibility
of programs to individuals who could not
participate in-person

“Now we are able to provide a DPP in summer in Florida or even
Hawaii, anywhere they want . . . that was a great change that we
were able to adapt to be more nationwide rather than just stay in
Southern California”. National DPP Expert and Provider
“Our enrollment actually probably was better, because people
didn’t have to drive here and try and find a parking space. And it
could fit into their time without them really leaving their home”.
DSMES Provider

Community Factors: Challenges external to organizations resulting from the COVID-19 pandemic

Community outreach and
recruitment

The closure of community recruitment
locations due to the pandemic made outreach
and recruitment difficult for some providers
Providers had to shift recruitment methods

“Recruitment was hard because we couldn’t go to places and give
our nutrition workshops or hang up flyers”. National DPP
Provider

Policy and Systems Change Factors: Policy-level barriers and support needed from government agencies for telehealth

Reimbursement for
telehealth and
support/flexibility from
government agencies for
telehealth

Changes to National DPP eligibility
requirements and flexibility for maintaining
DPRP recognition are needed
Adequate and sustained coverage for
telehealth is needed from Medicare and
Medicaid

“I think once you are recognized, you should be able to go back
and forth and do both [in-person and distance learning] if you
want to, instead of being pegged into just one track”. National
DPP Provider
“Medicare has to be in-person. And I think for a lot of Medicare
participants, being virtual would probably be really good for
them because a lot of times they don’t have transportation, or
they have to be with a caregiver”. DSMES Provider
“Coverage for services virtually needs to be set in stone . . . Now,
it’s sort of vague, and I don’t know how long it’s gonna last . . .
With very clear policies and procedures, and coverage for virtual
services, I think in my community, it will increase participation in
[DSMES]”. DSMES Provider

3.2. Individual Factors
3.2.1. Participant Comfort with and Access to Technology

Interviewees reported a wide range of comfort with and access to technology across
and within the populations they work with. While some interviewees described challenges
in reaching older populations and lower-income groups because of discomfort with technol-
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ogy and/or limited access to the internet or a computer, others had the opposite experience.
One National DPP expert stated:

“Maybe they are an 89-year-old grandmother who’s online all the time and is Queen of
the internet . . . or maybe there’s someone that is not very familiar with technologies. We
saw a big range within our communities.”

Participants with less technical knowledge experienced challenges connecting to
telehealth platforms and sometimes attended meetings via phone/audio only. In a few
cases, participants did not have permanent phones/phone numbers or email accounts.
Participants also experienced technical difficulties such as unstable internet connections,
dropped calls, or difficulties unmuting to speak. Some participants did have access to
technology, but they had a strong preference for in-person learning.

3.2.2. Participant Health Behaviors and Outcomes

The rapid transition to telehealth resulted in challenges in collecting health data from
some program participants, so it was difficult for interviewees to determine the full impact
of the pandemic on the transition and on telehealth services’ delivery as it relates to changes
in participant health behaviors and health outcomes.

When program sessions were held in-person, it had been easier for providers to collect
participant health data such as weight and HbA1c levels. With the transition to telehealth,
providers had to rely on self-reported weight from the participants. Some participants did
not want to report their weight or did not have access to a scale at home. Despite lacking
complete data on participant weight, some providers mentioned that participants were
successful in maintaining their weight, and a minority lost weight. Other interviewees
mentioned that participants gained weight. DSMES providers also did not have current
data on HbA1c levels because patients were not coming into the office to have laboratory
work performed. A few interviewees speculated that participants likely experienced higher
HbA1c levels, at least initially. Among those interviewees who had data, they reported
similar or better HbA1c levels with telehealth delivery.

Despite the difficulties with collecting health data, a minority of interviewees described
how participants improved their eating habits and cooked more after the start of the
pandemic due to the large amounts of time they were spending at home. Others mentioned
that participants had worse eating habits and described how a few experienced food
insecurity and were reliant on food pantries for food, which did not provide enough healthy
options. National DPP providers also reported that participants’ physical activity levels
decreased, and participants had to be highly motivated to exercise during the pandemic.
One National DPP provider stated:

“We saw activity in minutes plunder, and we saw those not so good eating habits go
up . . . even though they knew staying healthy and maybe preventing diabetes would
hopefully make them weather COVID better.”

3.2.3. Meeting Participants Where They Are

To address issues with technology, health behaviors, and health outcomes that resulted
from the transition to telehealth and the COVID-19 pandemic, interviewees stressed the
need to “meet participants where they are”. Technical assistance, health and behavior
goals, and resources for participants needed to be tailored to the needs of each participant
and/or group. In many cases, providers and participants could work around their initial
discomfort with technology and the lack of access to technology, but in other cases, it was
too difficult, and some National DPP cohorts ended, or some DSMES participants did not
continue receiving services.

Providers described tremendous efforts, especially during the initial transition, to
make sure that “everyone’s on the same playing field” with technology. These efforts in-
cluded conducting individual phone meetings with participants, creating simple handouts
or guides for connecting to the platform, and following up frequently with participants to
make sure they could connect and stay engaged in the program. National DPP providers
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also hosted “Session Zeroes” before the start of the program to assess participants’ readiness
to participate and address their technology needs. In addition, providers loaned devices
(e.g., tablets, Chromebooks, smartphones) with internet connections to participants without
access to the technology.

Tailored assistance for participants was also helpful for overcoming barriers to healthy
eating and physical activity habits. Providers helped participants create plans or set goals
to work around challenges and provided them with resources when needed. One National
DPP and DSMES provider stated:

“People’s lives had to change. People were fearful . . . we would have to tell them these are
some exercises you could do at home . . . or these are healthy recipes that you can make
with the food that you would get at a food pantry or Food Bank.”

3.3. Interpersonal Factors
Social Support and Engagement

Interviewees reported that interpersonal factors such as the relationships between
providers and participants were important to the success of DSMES services and to the
success that many National DPP cohorts enjoyed. However, interviewees noted that making
a “human connection” was “a little harder to do over a virtual connection”. One National
DPP and DSMES provider stated:

“The benefit of having an in-person workshop is the social aspect of it. People do feel
more connected with each other, and they feel like they have the support of their peers. In
the virtual [setting] that was a challenge . . . They’re just really not as connected with
each other.

Strategies to increase engagement in telehealth sessions and help participants make
connections included having round-robin discussions, warm invitations to participate in
the conversation, and using breakout rooms and poll functions provided by the telehealth
platform. Some providers also mentioned changing the way they delivered content and
modifying materials to work for telehealth. One National DPP and DSMES provider
mentioned “the more colorful and interesting your materials are, the more you’ll get
their attention”.

Maintaining connections and communication between telehealth sessions was also
important for increasing engagement and social cohesion. National DPP providers created
group text messages and used social media such as WhatsApp and Facebook to increase
communication and connection.

Providers also noted the importance of “knowing your audience and what works for
them”. Some noted that a hybrid approach with both telehealth and in-person sessions
might be good moving forward. One DSMES provider suggested “incorporating face-to-
face periodically,” as in-person sessions may help establish a relationship with participants
and make future telehealth sessions more successful. Despite efforts to engage participants
during telehealth sessions, some participants and providers still had a strong preference
for in-person sessions.

3.4. Organizational Factors

Providers faced several challenges at the organizational level when transitioning from
in-person to telehealth services. Many successfully implemented a range of strategies or
optimal practices to overcome these challenges.

3.4.1. Telehealth Platforms and Technical Difficulties

There was a range in comfort levels with the platform (e.g., Zoom, GoToMeeting,
Doximity) selected to provide telehealth services. Some providers were very familiar with
their platform and had experience delivering telehealth sessions prior to the pandemic,
whereas others had very limited or no experience.
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Training sessions for providers were implemented at organizations to overcome chal-
lenges with platforms and telehealth delivery. Most organizations were also quick to supply
providers with the necessary technological equipment (monitors, webcams, etc.) to conduct
telehealth sessions. In most cases, providers were able to learn how to use the platform
relatively quickly. One National DPP provider stated:

“We had practice facilitation where I would have them take turns facilitating a class
online and then provide feedback. So, there was a lot of training on that for my team.”

In other cases, interviewees noted it would have been helpful to have additional
training provided by their organization or external experts to increase providers’ comfort
and effectiveness at delivering telehealth sessions.

Despite providers’ quick adjustment to telehealth platforms and the new equipment,
a small number of interviewees described remaining challenges with particular platforms
that were not fully meeting their needs. Providers also experienced occasional challenges
with internet connectivity and noted the need for contingency plans for technical issues or
when participants cannot join telehealth sessions.

3.4.2. Provider Workload and Organizational Support

Transitioning to telehealth required providers to spend additional time modifying
materials for telehealth delivery, recruiting and retaining participants, and assisting partici-
pants. However, interviewees also noted that telehealth delivery of services can be more
convenient for providers and save them time or allow them to meet with more cohorts or
individuals. One DPP and DSMES provider stated:

“You can provide a [telehealth] program. It’s one hour for the coach. It’s not all this travel
and set up and talking time that really adds on an additional two hours for every meeting
session. So, it’s much more streamlined, and that can open the possibilities for delivering
the program at hours more populations can attend.”

In most cases, providers noted that they felt sufficiently supported by their organiza-
tions in the transition to telehealth. A small number of DSMES providers did mention the
need for additional organizational support, specifically having enough administrative staff
to prepare participants for telehealth sessions and schedule future appointments.

3.4.3. Recruitment and Enrollment

Interviewees reported that programs experienced an initial drop in enrollment because
of a pause to program operations and/or recruitment due to the pandemic. Some programs
continued to have low enrollment numbers because of recruitment challenges or participant
discomfort with telehealth. However, several interviewees noted that telehealth increased
access to individuals from a wider geographic area and to those who previously could not
commit to a long program and/or had challenges attending in-person. With the enrollment
of these additional participants, some programs maintained pre-pandemic numbers, and a
few increased their enrollment. For example, one National DPP provider said:

“Switching to virtual allowed us to reach members that wouldn’t normally have the time
to attend our in-person workshop. So, these are the working people and maybe the elderly
who don’t want to drive to a site at night.”

Interviewees noted several strategies that could be used to improve outreach and
recruitment efforts for telehealth programs. They described the importance of contacting
healthcare providers about telehealth services and encouraging them to make referrals,
conducting direct marketing to patients through patient portals and newsletters, and
marketing through social media. One National DPP and DSMES provider mentioned that
regardless of the mode of outreach or recruitment, providers need to tailor the message to
fit the needs of the individual participant.
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3.4.4. Retention

Interviewees reported two different experiences when it came to the retention of
National DPP participants in telehealth programs in comparison to DSMES participants.
National DPP providers and experts mentioned that retention rates were mixed across
cohorts. Some National DPP providers reported that retention was better with telehealth,
especially among well-established cohorts. However, others experienced lower retention
rates, especially among participants with a strong preference for in-person sessions or who
were not comfortable with technology.

In contrast, many DSMES providers stated that retention stayed the same or improved
after transitioning to virtual/distance learning program provision. One DSMES provider
commented, “it’s about the same as before . . . it’s not like we saw them for a series of visits.
We saw them for the initial and then maybe one follow-up or two. We’re still staying about
the same”.

3.5. Community Factors

Factors external to organizations and occurring in the broader community as a result
of the pandemic had an impact on the transition from in-person services to telehealth.
The closure of various organizations, churches, senior centers, and other locations was
especially challenging for providers that recruited through community outreach efforts.
Community outreach often required substantial effort prior to the pandemic and was even
more difficult when recruitment locations were closed because of COVID-19. Providers
had to conduct other forms of outreach, and some experienced lower enrollments. One
National DPP expert stated:

“In a lot of these communities, the recruitment was very much this high-touch relationship-
building with the community where you’re going out to health fairs, to congregate meal
sites . . . Well, senior centers closed, the congregate meal site has become Meals on Wheels,
the church is not servicing, senior housing is not letting anyone in, and the assisted living
programs are on lockdown.”

3.6. Policy and Systems Factors

Interviewees had several suggestions for changes that are needed to support telehealth
National DPP and DSMES programs at the local, state, and federal governmental levels.

3.6.1. Local Government

Suggestions for policy and systems changes that could be implemented by the local
government or DPH included: assistance with marketing programs to increase enroll-
ment, providing free training and materials for delivering telehealth programs, purchasing
technology needed for telehealth and sharing with organizations and program partici-
pants, facilitating networking opportunities for providers to share best practices, assisting
providers with program compliance, and advocating for policy change at the federal level
to increase reimbursement for programs. For example, one National DPP and DSMES
provider stated:

“I think LA County Department of Public Health can continue being an advocate for
health plans and vendors that provide the services and really take a role at the federal
level to change some of these policies to provide more flexibility for populations covered
by Medicare.”

3.6.2. State and Federal Government

Interviewees mentioned some general policy changes at the state and federal level
that would be helpful for both National DPP and DSMES, such as expanding access to
healthcare/insurance and expanding broadband/internet availability. Interviewees also
mentioned that insurance companies should cover the technology needed for participants to
receive telehealth services. However, in most cases, they suggested program-specific changes.
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3.6.3. Policy and Systems Changes Needed for National DPP

Interviewees spoke to the need to increase reimbursement rates for National DPP from
Medicaid (Medi-Cal in California) and Medicare, noting that the current reimbursement
rates made it difficult for program providers to cover their costs. For example, one National
DPP expert stated:

“The reimbursement needs to align, actually align with the high fixed costs of [National
DPP] . . . It is very hard to start one of these programs and sustain it over time. You
have to be incredibly efficient to be able to do that with Medi-Cal or Medicare DPP
reimbursement.”

In addition, interviewees mentioned that the process for receiving Medicare reim-
bursement for National DPP needs to be “less onerous”. They noted that few organizations
are applying to provide Medicare DPP because of the stringent requirements.

Interviewees also had suggestions for policy and systems changes that need to be made
by the CDC, particularly around the Diabetes Prevention Recognition Program (DPRP).
Interviewees discussed the need for providing flexibility for maintaining DPRP recognition
if organizations were not able to meet program requirements during the pandemic (for
example, cohorts that do not achieve required weight loss and activity levels), or if organi-
zations offered the program in a different modality than the one they originally applied for
(i.e., offering distance learning versus in-person).

Interviewees also mentioned that National DPP eligibility requirements, the curricu-
lum, and reporting requirements need to be changed or updated. Providers stated that the
body mass index (BMI) eligibility requirement for National DPP needs to be removed, as
some individuals with lower BMIs may be at risk for diabetes. Providers also recommended
the CDC update the National DPP curriculum to meet current nutrition guidelines/science
and provide guidance for adapting the curriculum to telehealth. Other providers would
like the curriculum to be available in more languages than just English and Spanish. In
addition, providers would like the CDC to streamline reporting requirements. One Na-
tional DPP expert and provider suggested that the CDC should provide a platform for all
National DPP programs from which they could provide distance learning, securely enter
confidential participant information, and communicate with participants.

3.6.4. Policy and Systems Changes Needed for DSMES

Similar to the National DPP, DSMES experts and providers mentioned the need for
adequate and sustained coverage for telehealth programs through Medicare. Interviewees
noted that if Medicare continues to cover telehealth and allow a variety of providers to offer
telehealth services, other insurers will follow. Interviewees also noted that because of the
complexity of Medicare reimbursement, only a small percentage of Medicare beneficiaries
utilize the program. For example, a DSMES expert stated:

“[DSMES providers] are afraid to bill [Medicare] because they’re afraid they’re going to
do something wrong. And all they’re trying to do is take care of their patients, and they
get shut down because they’re not sustainable financially.”

Other interviewees mentioned that regulations need to be changed to allow providers
to be licensed in multiple states, so they can provide services to participants that travel or
live in another state.

3.7. Beyond the Pandemic: The Future of Telehealth

When asked about their future plans and whether they would continue to offer
National DPP and/or DSMES via telehealth, some providers mentioned that they were
excited to go back to all in-person sessions. However, many providers mentioned they
were planning to offer both in-person and telehealth programming or some hybrid version.
Interviewees noted that telehealth expanded the reach of the program to individuals
who could not or would not participate in-person, but in-person was needed for others
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who either preferred in-person sessions or had technical challenges. One National DPP
expert stated:

“[Telehealth] provides a way in another way into the program. And with 88 million
people who have prediabetes, you need as many doors as possible into this program.”

After the initial challenges of the rapid transition to telehealth, many providers found
that telehealth allowed them to expand their programs to new geographic areas and reduced
travel and/or set-up necessary for in-person sessions. Providers noted that continued
investment in telehealth modalities and the policy changes mentioned above would be
necessary to continue to offer telehealth options.

4. Discussion

Our study analysis shows that several challenges emerged at all levels of the SEM as
providers rapidly switched from in-person sessions to telehealth in LAC. Providers imple-
mented several strategies or optimal practices to overcome these challenges and, in many
instances, were able to successfully transition to telehealth, retain existing participants, and
enroll new participants.

Similar to other studies [23,24], interviewees reported a wide range of comfort with
and access to technology among participant populations. Other studies have also found
that the elderly, lower-income individuals, and individuals who require translation services
may experience greater difficulty in using telehealth services [23,24]. However, in this
study, these differences in comfort and access were not always driven by age or income
status, as interviewees provided examples of elderly individuals who were very tech-savvy
and people with lower incomes who were quickly able to adjust to telehealth.

To overcome technological barriers to engaging in telehealth services, interviewees
mentioned that participants needed intense, tailored assistance, at least initially. The
extent to which this technical assistance will be necessary in the future, however, is not
clear. Overall, participant comfort with and ability to use telehealth likely increased
as a result of more frequent use during the pandemic. Studies indicate that interest in
telehealth, willingness to use, and use of telehealth increased significantly among U.S.
adults throughout the pandemic [28,29], especially among non-Hispanic Black adults and
adults with lower education levels [29]. As a result, many new National DPP and DSMES
participants may not need as much technical assistance to participate in programs that
employ telehealth either exclusively or in a hybrid fashion.

Challenges in collecting participant health data via telehealth made it difficult for
interviewees to determine the impact of the pandemic on the transition to telehealth or
on individual health behaviors and outcomes. Similar challenges in conducting nutrition
assessments and monitoring client health outcomes were also reported by registered di-
etitian nutritionists that had transitioned to telehealth services during the pandemic [30].
Increasing access to and reimbursement for remote monitoring devices may help overcome
data collection challenges associated with telehealth usage [31,32]. Hybrid programming
may allow for in-person assessments and data collection while maintaining many of the
benefits of services delivered via telehealth.

Challenges with accessing healthy food and safely engaging in physical activity that
were exacerbated by the pandemic [33–35] could have resulted in worse health behaviors
and outcomes than might normally be seen in programs that utilize telehealth. Studies of
telehealth diabetes management programs conducted prior to the pandemic have shown
improvements in HbA1c levels and other behavioral and health outcomes [14,15,36]. Addi-
tionally, weight loss among individuals with prediabetes that participated in DPP-based
programs that used telehealth has been equal to or greater than among those participating
in in-person programs [12,13,37–40].

At the interpersonal level, it was challenging to create active, supportive online
communities and personal connections among providers and program participants. Other
healthcare providers have also had difficulty connecting via telehealth and have called for
the development of best practices and training for building rapport [30,41]. There have also
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been recommendations for additional research to be conducted on strategies and devices
that could help increase engagement and social connections to prevention programs that
deliver services via telehealth [22].

At the organizational level, providers’ comfort and familiarity with telehealth plat-
forms and delivery was mixed, and transitioning to telehealth increased many providers’
workloads, at least initially. Similarly, other healthcare providers implementing telehealth
services have reported experiencing technical difficulties, a lack of support from adminis-
trative staff, and an increased workload [32,42]. Training sessions for providers can help
overcome some of these challenges with platforms and telehealth delivery [43,44], and
contingency plans are needed to deal with technical barriers. Additional administrative
staff may be needed to support programs that rely on telehealth [32,42]. Overall, the
number of healthcare providers using telehealth increased significantly during the pan-
demic [23,30], so provider comfort and familiarity with these virtual platforms have likely
increased as well.

Despite the organizational challenges presented by transitioning to telehealth, inter-
viewees noted that delivery via telehealth provided significant opportunities to expand the
reach of the National DPP and DSMES programs, especially for individuals from various
geographic areas, including rural communities, and for individuals who cannot or will
not, otherwise, participate in in-person services. Telehealth delivery has been effective
at reaching individuals who live in areas where transportation and access to in-person
services can be limited [37–39,42,45]. As a modality, telehealth allows services to continue
without disruption during travel or relocation [39]. Many telehealth participants are highly
satisfied with these services because of the time savings, convenience, and reduction in
travel time associated with using telehealth [24,46].

4.1. Limitations

This study has limitations. First, interviews were not conducted with program partici-
pants themselves, so the perspectives of individuals involved in the transition to telehealth
were based on the impressions of experts and providers and not directly on the perspectives
of participants. Since most providers interviewed were able to switch from in-person to
telehealth services during the pandemic, additional perspectives may be needed from
providers who were not successful in making this switch to complete a full story of this
process. However, some of the experts who were interviewed could speak to the experi-
ences of providers who were not able to transition to telehealth. The interviewees were also
selected because of their positions as National DPP and/or DSMES experts and providers,
and we did not collect demographic information from them. It is possible that responses to
interview questions could have been influenced by demographic variables. Finally, while
we did interview experts familiar with programs and services in other states and localities,
majority of the interviewees were based in LAC. As a result, findings from this study may
not be generalizable to other jurisdictions and areas across the U.S.

4.2. Implications for Policy and Practice

While interviewees made policy and systems change recommendations across dif-
ferent levels of government, the most critical changes identified were at the federal level.
Specifically, interviewees mentioned the need for more flexible program requirements and
adequate reimbursement of the telehealth services being delivered. Although great strides
have been made in response to the COVID-19 pandemic, the rapid transition to telehealth
for many of these programs remains a temporary change. Reimbursement policies for
telehealth delivery instituted by Medicare, Medicaid, and private health insurers during the
health crisis will likely need to continue to sustain these gains made in service delivery. In
addition, these policies will need to be adjusted to allow for greater coverage and payment
of services provided via telehealth, at the equivalent level as in-person sessions [47,48].
There have been calls for the Centers for Medicare and Medicaid Services, as well as for
health plans, to make these changes permanent and expand telehealth delivery options
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to increase coverage of chronic disease, dietary counseling, and remote support services
that are needed to better manage chronic conditions [42,49,50]. To further increase access
to and the convenience of telehealth services, policy changes may also be needed to allow
providers to be licensed in multiple states and/or practice in a different state than their
patients are receiving treatment. Policymakers can also improve upon the incentives used
for providing more comprehensive services via telehealth. More research may be needed
to study these policy options and to provide evidence of telehealth effectiveness for this
type of coverage expansion, especially for Medicare and Medicaid populations across
the nation.

5. Conclusions

The COVID-19 pandemic provided a rare opportunity for increasing access to and use
of telehealth services for National DPP and DSMES programs. Despite the challenges of
implementing telehealth under the difficult circumstances created by the health crisis, many
providers appreciated the benefits of telehealth for participants and for their organizations.
Additional program flexibility and adequate reimbursement will be key to these programs
continuing to offer telehealth services.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is associated with prediabetes and can be treated
by using a combination of metformin and dietary modification. However, people often fail to adhere
to dietary modifications and become more dependent on pharmaceutical intervention, and this affects
the effectiveness of the drug. In this study, we investigated the effects of rhenium (V) compound
with uracil-derived ligands on liver health in diet-induced prediabetic rats in both the presence
and absence of dietary modification. Prediabetic male Sprague Dawley rats were treated with the
rhenium (V) compound for 12 weeks in both the presence and absence of dietary modification
while monitoring fasting blood glucose levels. Antioxidant enzyme activity, inflammation markers
and liver enzymes were measured together with liver glycogen and plasma triglycerides after
sacrificing. The administration of rhenium (V) compound to prediabetic rats in both the presence
and absence of dietary modification resulted in reduced concentrations of fasting blood glucose
and triglycerides. There was also reduced liver glycogen, oxidative stress and liver enzymes while
increasing antioxidant enzymes. Altogether, the rhenium (V) compound ameliorated liver injury and
prevented hepatotoxicity.

Keywords: prediabetes; liver enzymes; rhenium (V) compound; triglycerides; NAFLD; fructose

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) has recently become the most frequent
chronic liver disease that occurs across all age groups due to the growing prevalence
of obesity and prediabetes [1,2]. NAFLD is strongly associated with insulin resistance,
dyslipidemia and hypertriglyceridemia. Diets that are high in carbohydrates and satu-
rated fats have been shown to predispose individuals to developing both prediabetes
and NAFLD [3,4]. Additionally, fizzy drinks that are high in fructose activate lipogenesis
in the hepatocytes, resulting in a fatty liver [5–7]. Prediabetes is linked with moderate
levels of insulin resistance and has been shown to play a primary role in the pathogenesis
of NAFLD [8,9]. Liver dysfunction is associated with hepatic insulin resistance and an
increase in hepatic glycogen production, whereas liver injury is shown by abnormal liver
enzymes such as alanine transaminase (ALT), aspartate transaminase (AST) and lactic
dehydrogenase [10,11]. These may be due to alternations in the permeability of the cell
membrane and damage in the liver tissue [5,12].

The treatment of NAFLD involves a combination of dietary modification to en-
hance weight loss, along with the use of different insulin-sensitizing agents such as met-
formin [13–16]. However, studies have shown that patients become more dependent on
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the pharmaceutical interventions while neglecting the lifestyle modification, resulting in
a reduction in the efficacy of metformin [17,18]. Therefore, there exists a need for novel
pharmacological compounds that can work in both the presence and absence of lifestyle
modifications. Transition metals have been used to try and manage diabetes and other
metabolic conditions, but they have been shown to disrupt lipid and protein metabolism as
well as induce oxidative stress in the liver [5]. However, recent studies from our laboratory
have shown that the incorporation of organic ligands to the transition metals results in
reduced cellular toxicity [19,20]. We have previously shown that our novel rhenium (V)
compound with uracil-derived ligands improves glucose homeostasis in high-fat–high-
carbohydrate diet-induced prediabetic animals in both the absence and presence of dietary
modifications [20,21]. In this study, we sought to further investigate the effects of the
rhenium (V) compound on selected liver function markers in diet-induced prediabetic rats.

2. Methods and Materials

2.1. Animals

Thirty-six (36) male Sprague Dawley rats (150–180 g) obtained from Biomedical Re-
search Unit, University of KwaZulu-Natal (UKZN), were kept under standard environmen-
tal conditions, i.e., constant humidity (55 ± 5%), temperature (22 ± 2 ◦C), 12 h day:12 h
night cycle. The animals were acclimatized for 2 weeks with free access to a standard
rat chow (Meadow Feeds, South Africa) and water ad libitum before being fed on the
experimental high-fat–high-carbohydrate (HFHC) diet (AVI Products (Pty) Ltd., Waterfall,
South Africa) to induce prediabetes. The HFHC diet consists of carbohydrates (55% kcal/g),
fats (30% kcal/g) and proteins (15% kcal/g), as described in our previous study [3,20].
All the experimental designs and procedures were carried out according to the ethics
and guidelines of the Animal Research Ethics Committee (AREC, ethical clearance code:
AREC/039/018M) of the UKZN, Durban, South Africa.

2.1.1. Induction of Prediabetes on Male Sprague Dawley Rats

Sprague Dawley rats (n = 6 per group) were divided into groups based on the diet
they received: a standard rat chow with normal drinking water (ND + H2O), high-fat–high-
carbohydrate diet with drinking water supplemented with fructose (HFHC + fructose).
Prediabetes induction took 20 weeks using a previously established protocol [3,22]. Rats
with fasting blood levels that were higher than 5.6 mmol/L were considered prediabetic
and grouped further for pharmacological studies [23,24]. The treatment commenced on the
subsequent day, and this was considered as day 1 of treatment.

2.1.2. Study Design for Experiments

In this study, rats were randomly divided into 6 groups of 6 animals in each
(30 prediabetic persisting, 6 normal). Group 1: normal healthy control rats received vehicle
(NC); Group 2: prediabetic control rats continued with HFHC diet and received vehicle
(PD); Group 3: prediabetic treated rats switched to the STD diet and received metformin
(MET + DI); Group 4: prediabetic treated rats continued with HFHC diet received met-
formin (MET + HFHC); Group 5: prediabetic rats switched to the STD diet and received
rhenium (V) compound (Re + DI); Group 6: prediabetic treated rats continued with diet
received rhenium (V) compound (Re + HFHC). See Figure 1.

2.1.3. Treatment of Prediabetic Animals

After 20 weeks of inducing prediabetes, the treatment period started and lasted an
additional 12 weeks. During the treatment period, the animals were treated once every
third day at 9:00 a.m., where metformin (500 mg/kg) was given through oral dosing to
the MET + HFHC and MET + DI, while rhenium (V) compound (15 mg/kg) was given
via subcutaneous injection to the Re + HFHC and Re + DI groups. Parameters including
fasting blood glucose (FBG) concentration, food intake and body weights were monitored
every 4 weeks during the treatment period. See Figure 1.
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Figure 1. The experimental protocol for the study.

2.1.4. Blood Collection and Tissue Harvesting

For blood collection, all animals were anesthetized with Isofor (100 mg/kg) (Safeline
Pharmaceuticals (Pty) Ltd., Roodeport, South Africa) via a gas anesthetic chamber (Biomed-
ical Resource Unit, UKZN, Durban, South Africa) for 3 min in line with the guidelines for
use of anesthesia. While the rats were unconscious, blood was collected by cardiac punc-
ture into individual pre-cooled heparinized containers. The blood was then centrifuged
(Eppendorf centrifuge 5403, Germany) at 4 ◦C, 503× g for 15 min. Plasma was collected and
stored at −80 ◦C in a Bio Ultra freezer (Snijers Scientific, Holland, Netherlands) until ready
for biochemical analysis. Thereafter, liver tissue was removed, weighed and rinsed with
cold normal saline solution and snap frozen in liquid nitrogen before storage in a BioUltra
freezer (Snijers Scientific, Tilburg, Netherlands) at −80 ◦C until biochemical analysis.

2.1.5. Relative Liver Weight

The relative liver weights of all the animals in each experimental group were de-
termined from the percentage of the ratio of liver weight to the body weight using the
formula below:

Relative liver weight =
liver weight
body weight

× 100% (1)

2.2. Biochemical Analysis
2.2.1. Quantification of Hepatic Glycogen, Plasma Triglycerides, TNF α and Liver
Function Enzymes

Glycogen concentration analysis was performed in liver tissues. The glycogen assay
was conducted using a well-established laboratory protocol [20].

Triglycerides (TGs) were measured using a colorimetric assay kit (catalog No: E-BC-
K238; Manufacturer: Elabscience), single reagent, GPO-PAP method. Briefly, 50 mg of
liver tissue was homogenized on 0.9% saline in a ratio of 9:1. The tissue was homogenized
on ice for 2 min, and then the sample was centrifuged at 1000× g for 5–10 min. After
centrifugation, the aqueous phase extraction was used in the assay. The protein quantifi-
cation was conducted using Bradford assay. The assay was carried out according to the
manufacturer’s instructions. Furthermore, for TNF α measurements, 50 mg of liver tissue
was homogenized, and the concentration was determined using an ELISA kit following the
manufacturer’s instructions (catalog no.: E-EL-R2856; manufacturer: Elabscience). Liver
AST and ALT concentrations were measured using the Catalyst One Chemistry Analyzer
(IDEXX Laboratories, Westbrook, ME, USA).
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2.2.2. Antioxidant Activity Profile

Antioxidant activity in the liver was measured on selected antioxidant markers. Glu-
tathione peroxidase (GPx) (catalog no.: E-EL-R2491; manufacturer: Elabscience) and super-
oxide dismutase (SOD) (catalog no.: E-EL-R1424; manufacturer: Elabscience) concentrations
were determined using assay kits as per manufacturer’s instructions.

2.3. Statistical Analysis

All data are expressed as means ± SD. Statistical comparisons were performed with
GraphPad InStat Software (version 5.00, GraphPad Software, Inc., San Diego, CA, USA)
using two-way analysis of variance (ANOVA) followed by Tukey–Kramer multiple com-
parison test. A value of p < 0.05 was considered statistically significant.

3. Results

3.1. Fasting Blood Glucose Concentration

Figure 2 shows fasting blood glucose concentrations in the normal control (NC),
prediabetic control (PD), metformin and diet intervention (MET + DI), metformin and
high fat–high carbohydrate (MET + HFHC), rhenium (V) compound and diet intervention
(Re + DI) and rhenium (V) compound and high fat–high carbohydrate (Re + HFHC) groups
after 12 weeks of treatment. By comparison with the NC, there was a significant increase in
fasting blood glucose concentration in the PD group (p < 0.05, Figure 2). The administration
of the rhenium (V) compound in both the HFHC and diet intervention groups resulted in
significant reduction in fasting blood glucose concentration by comparison to PD (p < 0.05,
Figure 1). A similar observation was shown by the MET + DI treated group as compared to
the PD group (see Figure 2).

Figure 2. Fasting blood glucose in NC, PD, MET + DI, MET + HFHC, Re + DI and Re + HFHC at
12 weeks of treatment. Values are presented as means ± SD (n = 6). � p < 0.05 by comparison with
NC, α p < 0.05 by comparison with PD, MET + DI, MET + HFHC, Re + DI and Re + HFHC.

3.2. Liver Glycogen Concentration

Figure 3 shows liver glycogen levels in the normal control (NC), prediabetic control
(PD), metformin and diet intervention (MET + DI), metformin and high fat–high carbohy-
drate (MET + HFHC), rhenium (V) compound and diet intervention (Re + DI) and rhenium
(V) compound and high fat–high carbohydrate (Re + HFHC) groups after 12 weeks of
treatment. By comparison with the NC group, the PD group showed a significant increase
in liver glycogen concentration (p < 0.05) (Figure 3). The administration of rhenium (V)
compound in both diet intervention and high fat–high carbohydrate groups resulted in a
significant decrease of liver glycogen concentration when compared with the PD group
(p < 0.05). A similar effect was observed with the MET + DI treated group when compared
with the PD group (p < 0.05) (see Figure 3).
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Figure 3. Liver glycogen concentration in NC, PD, MET + DI, MET + HFHC, Re + DI and Re + HFHC
after 12 weeks of treatment. Values are presented as means ± SD and individual data points (n = 6).
� p < 0.05 by comparison with NC, α p < 0.05 by comparison with PD, MET + DI, MET + HFHC,
Re + DI and Re + HFHC.

3.3. Liver Triglycerides (TGs) Concentration

Figure 4 shows liver triglyceride concentration in the normal control (NC), prediabetic
control (PD), metformin and diet intervention (MET + DI), metformin and high fat–high
carbohydrate (MET + HFHC), rhenium (V) compound and diet intervention (Re + DI) and
rhenium (V) compound and high fat–high carbohydrate (Re + HFHC) groups after 12 weeks
of treatment. By comparison with the NC group, the PD group showed a significant increase
in liver triglycerides concentration (p < 0.05) (Figure 4). The administration of rhenium (V)
compound in both diet intervention and high fat–high carbohydrate groups resulted in a
significant decrease of liver triglycerides concentration when compared with the PD group
(p < 0.05). A similar effect was observed with the MET + DI treated group when compared
with the PD group (p < 0.05) (see Figure 4).

Figure 4. Liver triglycerides concentration in NC, PD, MET + DI, MET + HFHC, Re + DI and
Re + HFHC after 12 weeks of treatment. Values are presented as means ± SD and individual data
points (n = 6). � p < 0.05 by comparison with NC, α p < 0.05 by comparison with PC, MET + DI,
MET + HFHC, Re + DI and Re + HFHC.
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3.4. Relative Liver Weight

Figure 5 shows relative liver weight in the normal control (NC), prediabetic control
(PD), metformin and diet intervention (MET + DI), metformin and high fat–high carbohy-
drate (MET + HFHC), rhenium (V) compound and diet intervention (Re + DI) and rhenium
(V) compound and high fat–high carbohydrate (Re + HFHC) groups after 12 weeks of
treatment. In comparison with the NC group, the PD group showed a significant increase
in relative liver weight (p < 0.05) (Figure 5). The administration of rhenium (V) compound
in both diet intervention and high fat–high carbohydrate groups resulted in a significant
decrease of relative liver weight when compared with the PD group (p < 0.05). A similar
effect was observed with the MET + DI treated group when compared with the PD group
(p < 0.05) (see Figure 5).

Figure 5. Relative liver weight in normal control (NC), prediabetic control (PD), metformin and
diet intervention (MET + DI), metformin and high fat–high carbohydrate (MET + HFHC), rhenium
(V) compound and diet intervention (Re + DI) and rhenium (V) compound and high fat–high
carbohydrate (Re + HFHC) groups after 12 weeks of treatment. Values are presented as means ± SD
and individual data points (n = 6). � p < 0.05 by comparison with NC, α p < 0.05 by comparison with
PD, MET + DI, MET + HFHC, Re + DI and Re + HFHC.

3.5. Liver Antioxidant Activity

Figure 6 shows antioxidant SOD activity in the normal control (NC), prediabetic
control (PD), metformin and diet intervention (MET + DI), metformin and high fat–high
carbohydrate (MET + HFHC), rhenium (V) compound and diet intervention (Re + DI) and
rhenium (V) compound and high fat–high carbohydrate (Re + HFHC) groups after 12 weeks
of treatment. In comparison with the NC group, the PD group showed a significant decrease
in SOD activity (p < 0.05) (Figure 6). The administration of rhenium (V) compound in
both diet intervention and high fat–high carbohydrate groups resulted in a significant
increase of SOD activity when compared with the PD group (p < 0.05). A similar effect was
observed with the MET + DI treated group when compared with the PD group (p < 0.05)
(see Figure 6).

Figure 6 shows antioxidant GPx activity in the normal control (NC), prediabetic
control (PD), metformin and diet intervention (MET + DI), metformin and high fat–high
carbohydrate (MET + HFHC), rhenium (V) compound and diet intervention (Re + DI) and
rhenium (V) compound and high fat–high carbohydrate (Re + HFHC) groups after 12 weeks
of treatment. In comparison with the NC group, the PD group showed a significant decrease
in GPx activity (p < 0.05) (Figure 7). The administration of rhenium (V) compound in both
diet intervention and high fat–high carbohydrate groups resulted in a significant increase
of GPx activity when compared with the PD group (p < 0.05). A similar effect was observed
with the MET + DI treated group when compared with the PD group (p < 0.05) (see Figure 7).
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Figure 6. SOD activity in normal control (NC), prediabetic control (PD), metformin and diet in-
tervention (MET + DI), metformin and high fat–high carbohydrate (MET + HFHC), rhenium (V)
compound and diet intervention (Re + DI) and rhenium (V) compound and high fat–high carbohy-
drate (Re + HFHC) groups after 12 weeks of treatment. Values are presented as means ± SD and
individual data points (n = 6). � p < 0.05 by comparison with NC, α p < 0.05 by comparison with PD,
MET + DI, MET + HFHC, Re + DI and Re + HFHC.

Figure 7. GPx activity in normal control (NC), prediabetic control (PD), metformin and diet in-
tervention (MET + DI), metformin and high fat–high carbohydrate (MET + HFHC), rhenium (V)
compound and diet intervention (Re + DI) and rhenium (V) compound and high fat–high carbohy-
drate (Re + HFHC) groups after 12 weeks of treatment. Values are presented as means ± SD and
individual data points (n = 6). � p < 0.05 by comparison with NC, α p < 0.05 by comparison with PD,
MET + DI, MET + HFHC, Re + DI and Re + HFHC.

3.6. Liver TNF α Concentration

Figure 8 shows TNF α concentrations in the normal control (NC), prediabetic control
(PD), metformin and diet intervention (MET + DI), metformin and high fat–high carbohy-
drate (MET + HFHC), rhenium (V) compound and diet intervention (Re + DI) and rhenium
(V) compound and high fat–high carbohydrate (Re + HFHC) groups after 12 weeks of
treatment. In comparison with the NC group, the PD group showed a significant increase
in TNF α concentration (p < 0.05) (Figure 8). The administration of rhenium (V) compound
in both diet intervention and high fat–high carbohydrate groups resulted in a significant
decrease of TNF α concentration when compared with the PD group (p < 0.05). A similar
effect was observed with the MET + DI treated group when compared with the PD group
(p < 0.05) (see Figure 8).
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Figure 8. TNF α concentration in normal control (NC), prediabetic control (PD), metformin and
diet intervention (MET + DI), metformin and high fat–high carbohydrate (MET + HFHC), rhenium
(V) compound and diet intervention (Re + DI) and rhenium (V) compound and high fat–high
carbohydrate (Re + HFHC) groups after 12 weeks of treatment. Values are presented as means ± SD
and individual data points (n = 6). � p < 0.05 by comparison with NC, α p < 0.05 by comparison with
PC, MET + DI, MET + HFHC, Re + DI and Re + HFHC.

3.7. Plasma ALT Concentration

Figure 9 shows plasma ALT concentration in the normal control (NC), prediabetic
control (PD), metformin and diet intervention (MET + DI), metformin and high fat–high
carbohydrate (MET + HFHC), rhenium (V) compound and diet intervention (Re + DI) and
rhenium (V) compound and high fat–high carbohydrate (Re + HFHC) after 12 weeks of
treatment. In comparison with the NC group, the PD group showed a significant increase
in plasma ALT concentration (p < 0.05) (Figure 9). The administration of rhenium (V)
compound in both diet intervention and high fat–high carbohydrate groups resulted in
a significant decrease of plasma ALT concentration when compared with the PD group
(p < 0.05). A similar effect was observed with the MET + DI treated group when compared
with the PD group (p < 0.05) (see Figure 9).

Figure 9. Plasma ALT concentration in normal control (NC), prediabetic control (PD), metformin
and diet intervention (MET + DI), metformin and high fat–high carbohydrate (MET + HFHC),
rhenium (V) compound and diet intervention (Re + DI) and rhenium (V) compound and high fat–
high carbohydrate (Re + HFHC) groups after 12 weeks of treatment. Values are presented as means
± SD and individual data points (n = 6). � p < 0.05 by comparison with NC, α p < 0.05 by comparison
with PC, MET + DI, MET + HFHC, Re + DI and Re + HFHC.
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3.8. Plasma AST Concentration

Figure 10 shows plasma AST concentration in the normal control (NC), prediabetic
control (PD), metformin and diet intervention (MET + DI), metformin and high fat–high
carbohydrate (MET + HFHC), rhenium (V) compound and diet intervention (Re + DI) and
rhenium (V) compound and high fat–high carbohydrate (Re + HFHC) groups after 12 weeks
of treatment. In comparison with the NC group, the PD group showed a significant increase
in plasma AST concentration (p < 0.05) (Figure 10). The administration of rhenium (V)
compound in both diet intervention and high fat–high carbohydrate groups resulted in
a significant decrease of plasma AST concentration when compared with the PD group
(p < 0.05). A similar effect was observed with the MET + DI treated group when compared
with the PD group (p < 0.05) (see Figure 10).

Figure 10. Plasma AST concentration in normal control (NC), prediabetic control (PD), metformin and
diet intervention (MET + DI), metformin and high fat–high carbohydrate (MET + HFHC), rhenium
(V) compound and diet intervention (Re + DI) and rhenium (V) compound and high fat–high
carbohydrate (Re + HFHC) groups after 12 weeks of treatment. Values are presented as means ± SD
and individual data points (n = 6). � p < 0.05 by comparison with NC, α p < 0.05 by comparison with
PD, MET + DI, MET + HFHC, Re + DI and Re + HFHC.

4. Discussion

There is growing evidence that associates prediabetes with disorders that were previ-
ously thought to co-exist with type 2 diabetes [25,26]. These disorders include impaired
glucose homeostasis, dyslipidemia, NAFLD and cardiovascular disease [27,28]. The de-
velopment of NAFLD is strongly linked with chronic consumption of high calorie diets
and is considered the most frequent liver disease in developing countries [28]. Prediabetes
is associated with insulin resistance, which can increase peripheral lipolysis, triglyceride
synthesis and hepatic uptake of free fatty acids, which ultimately leads to NAFLD [27,29].
Studies have revealed that individuals with prediabetes and NAFLD have a higher risk of
progressing to T2DM [27].

Studies have shown that anti-diabetic drugs can be used to manage NAFLD and to
prevent it from developing into non-alcoholic steatohepatitis (NASH) [12,30]. Metformin
has been used to treat NAFLD, as it is known to increase insulin action and reduce plasma
glucose levels [31]. However, metformin has been shown to reach optimal efficacy when
combined with lifestyle modifications that increase physical activity and lower caloric
intake [30,32]. However, studies on patients show that there is an over-reliance on phar-
macological interventions leading to a neglect on the lifestyle modification that results in
reduced efficacy of the drugs [33]. Therefore, there is a great need for drugs which could
perhaps assist those individuals who struggle with lifestyle modification [15,18].
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There is a growing interest in using transition metal compounds to treat complications
associated with metabolic disorders due to their high biological activity [9,34]. Our novel
transition metal compound, rhenium (V) compound with uracil-derived ligands, has been
previously shown to have anti-diabetic and anti-oxidant effects [20]. However, the effects
of this metal-based compound on prediabetes induced NAFLD are yet to be investigated.
In this study, we sought to further investigate the effects of this rhenium (V) compound on
selected liver function markers in diet-induced prediabetic rats.

To maintain an individual’s health, processes such as glucose homeostasis are tightly
regulated to meet the energy needs for important organs. The liver plays an important role
in the maintenance of glucose homeostasis by being involved many pathways of glucose
metabolism including glycogenesis, glycogenolysis, glycolysis and gluconeogenesis [6,35].
During fasting conditions, the liver has a vital role in producing glucose through gluco-
neogenesis as a fuel for other tissues, such as the brain, red blood cells and muscles [35].
The main function of insulin is to inhibit glycogenolysis and gluconeogenesis in the hepa-
tocytes [33]. However, in the prediabetic state, there is increased energy demand due to
insulin resistance in some tissues, while there is also dysregulation of metabolic pathways
such as gluconeogenesis [36,37]. Gluconeogenesis is increased in the liver due to peripheral
insulin resistance [38]. Insulin-resistant muscle and other tissues require energy; therefore,
signals are sent to the liver to produce glucose [39,40]. Gluconeogenesis is activated, re-
sulting in glucose production from the liver to the plasma, while hepatic steatosis leads
to increased hepatic gluconeogenesis [41,42]. Indeed, the untreated prediabetic group in
this study showed high fasting plasma glucose levels. This could be due to unregulated
gluconeogenesis and energy demand from insulin-resistant peripheral tissues [32,43]. Fur-
thermore, the treated groups with rhenium (V) compound were shown to have reduced
plasma glucose in both the presence and absence of dietary intervention. The rhenium (V)
compound has been previously shown to restore peripheral insulin sensitivity through
increased GLUT 4 expression, thus ameliorating insulin sensitivity and improving glycemic
control [37]. Another transition metal with an organic ligand such as the dioxidovanadium
complex (V) for this compound was shown to lower plasma glucose by increasing glucose
transport and insulin-receptor tyrosine-kinase activity in NAFLD [44].

The hepatocytes play a vital role in regulating carbohydrate metabolism [45]. The
storage of glycogen in the liver during feeding conditions provides a storage form of
glucose that can be used during fasting periods. Normally, stored glycogen is critical for
maintaining glucose homeostasis in individuals during an overnight fasting period [11,45].
However, in the prediabetic state, the liver has to store glucose due to insulin resistance in
other tissues such as muscle and adipose tissues [11]. GLUT 2 transports glucose indepen-
dently of insulin, and this results in a higher rate of hepatic glycogenesis occurring due to
the shunting of glucose during the prediabetic state [46]. In this study, the untreated predi-
abetic group was shown to have high hepatic glycogen concentration. This could be due to
high glucose uptake through GLUT 2. Further observations show that the treated groups
with the rhenium (V) compound in both the presence and absence of dietary intervention
had reduced glycogen concentration. A possible reason for the observed reduction in glyco-
gen levels in the rhenium (V) compound treated group may be because this compound has
been shown to improve insulin sensitivity by increasing the expression of GLUT4 in the
skeletal muscle and fat tissue, as shown in a study conducted by Siboto, A. et al., 2020 [20].
This reduction in the amount of glucose being shunted to the liver could result in reduced
storage of hepatic glycogen [34]. Other studies on transition metals on NAFLD treatment
showed that metal complexes including ruthenium and vanadium reduce hepatic glycogen
concentration by channeling excess glucose to be metabolized in skeletal muscle and adi-
pose tissue [19,44]. Glucose from excess dietary carbohydrates goes through glycolysis in
hepatocytes and is later converted into fatty acids to be esterified into triglycerides (TGs),
which are eventually secreted via very low-density lipoproteins [45].

In NAFLD patients with insulin resistance, the increased lipolysis in adipose tissue
causes enhanced liver glucose synthesis, which further activates de novo lipogenesis,
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resulting in hepatic fat deposition [12,38]. Enhanced de novo lipogenesis and reduced fatty
acid oxidation had been reported in patients with insulin resistance and contribute to a
critical biochemical pathway for the pathogenesis of NAFLD [47,48].

Consumption of diets high in fructose also results in the activation of the de novo lipo-
genesis pathway. PPARγ-coactivator-1β (PGC-1β), which acts as a co-activator of SREBP1c,
can be stimulated by fructose. Moreover, fructose inhibits hepatic fatty acid β-oxidation,
which mainly occurs by inhibiting the transcriptional activities of PPARα [7,49]. Thus, the
shift towards lipogenesis over fatty acid oxidation contributes to hepatic steatosis. In a
hyper-insulinemic state, insulin continues to drive lipogenesis via the SREBP1 pathway in
addition to failing to suppress gluconeogenesis, contributing to exacerbating hepatic steato-
sis. Due to hyperinsulinemia and hyperglycemia, SREBP-1c is activated resulting in high
storage of TGs observed in the untreated prediabetic group. However, the administration of
the rhenium (V) compound in both the presence and absence of diet intervention resulted
in reduced hepatic TGs storage on the treated prediabetic rats. This may be because the
rhenium (V) compound facilitated weight loss through suppressing the secretion of ghrelin
and reducing food intake. The food consumption results are on a glucose homeostasis
paper by Siboto, A. et al., 2020 [20].

Due to a decrease in hepatic TGs concentration in the treated groups, we can also
speculate that the rhenium (V) compound may decrease free fatty deposition to the liver by
divergence of the substrates to other tissues for metabolism, increased β oxidation of fat or
increased triglyceride disposal via very low-density lipoprotein (VLDL) exportation from
the liver. Other metals such a dioxidovanadium lowered plasma TGs in diabetic rats via
improving insulin sensitivity in adipose tissue and skeletal muscle [44]. Literature research
on metal complexes such as ruthenium (ii) complex facilitated weight loss in prediabetic
rat resulting in less fatty acid deposition in the liver [19].

The administration of rhenium (V) compound in both the presence and the absence of
diet intervention on treated prediabetic rats resulted in both reduction of hepatic glycogen
concentration and hepatic TGs storage. This positive effect caused by the administration of
the rhenium (V) compound resulted in reduced liver weight as compared to the untreated
prediabetic group. Several studies suggest that increased liver weights in prediabetes and
NAFLD are associated with increased hepatic lipid accumulation [33]. Furthermore, this
may imply that the rhenium (V) compound manages NAFLD delaying from becoming
NASH. Relative liver weights results may also be a reflection of triacylglycerol and liver
weights due to hepatic very-low-density lipoprotein–triglyceride (VLDL-TG) secretion
rates. Studies have shown that liver weight is directly related to hepatic VLDL-TG secre-
tion, independently of body weight. Therefore, since there is reduction of liver TGs in
the prediabetic treated group, the liver weight is also reduced. We speculate that with
improved insulin sensitivity on the adipose tissue, fat molecules are metabolized, resulting
in enhanced HDL reducing the risk of hepatic steatosis associated with insulin resistance.

Oxidative stress is balanced by a number of antioxidant enzymes [50]. Antioxidant
enzymes are ROS scavenging agents to protect the cells against oxidative stress under
physiological conditions [4]. Uncontrolled oxidative stress can result in liver injury [51].
Increased oxidative stress is independently associated with NAFLD [50]. NAFLD is charac-
terized by insulin resistance, which results in elevated concentrations of free fatty acids,
providing substrates for triglyceride formation and subsequent progression of the disease
in the liver [51]. It is suggested that increased accumulation of liver triglycerides leads
to increased oxidative stress in the hepatocytes [52,53]. NAFLD is also associated with
mitochondrial dysfunction, and an increase of mitochondrial β-oxidation activity, due
to a lipid overload, may induce an impairment of electron transport chain, resulting in
electron leakage and increased ROS [54]. Oxidative stress causes hepatocellular damage
through many different mechanisms, including lipid peroxidation, that can directly stimu-
late cell necrosis and activation of apoptosis [41,55]. Oxidation stress can directly lead to
the synthesis of reactive oxygen species (ROS) that are usually removed by antioxidant
pathways; however, in the prediabetic state, antioxidant activity is reduced. Indeed, this
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is also observed in the untreated prediabetic group. The administration of the rhenium
(V) compound in both the presence and the absence of diet intervention in the prediabetic
rats showed reduced lipid peroxidation and improved antioxidant activity in both SOD
and GPx. We speculate that since the rhenium (V) compound reduces fat deposition in
the liver, this prevents mitochondrial dysfunction. Therefore, the rhenium (V) compound
can prevent liver injury that can be caused by oxidative stress. Vanadium and ruthenium
complexes have also been shown to prevent oxidative stress through enhanced glycemic
control [19,21,44].

Inflammation, oxidative stress and insulin resistance are involved in NAFLD. The
progression of NAFLD to NASH is identified through increased inflammation. NASH
patients with increased serum TNF-a concentrations also show higher levels of interleukin
(IL)-6 [54]. The administration of the rhenium (V) compound in both the presence and the
absence of diet intervention was showed to reduce oxidative stress and improve antioxidant
activity, reducing liver injury. The rhenium (V) compound has been shown to have anti-
inflammatory properties by reducing plasma TNF α in the treated prediabetic group,
protecting progressive liver damage.

Liver enzymes, AST and ALT, are used as clinical biomarkers to identify the degree of
hepatocyte damage occurring in the liver [45]. The reason the liver enzyme levels better
reflect the presence of injury is that these enzymes are components of hepatocytes that are
released into circulation upon hepatocyte damage [45]. Literature trends have variably
shown that high AST and ALT occur in blood due to necrosis of the hepatocyte during liver
damage [33,55]. Metals are strongly known to be toxic on the liver [39]. The rhenium (V)
compound was administered via subcutaneous injection in order for the drug to bypass
liver metabolism and be absorbed in the bloodstream. This allows the drug to avoid first-
pass metabolism in the liver, as the rhenium complex is known to be relatively harmless.
The literature has shown that metal complexes are often associated with increased plasma
AST and ALT levels, suggesting liver toxicity [33,55]. However, the rhenium (V) compound
is synthesized with uracil-derived ligands that increase bioactivity and uracil-derived
ligands. This has been shown to have the capability of coordination through a variety of
donor atoms [56]. These uracil-derived ligands make the rhenium (V) compound have
reduced cellular toxicity [56,57].

Liver enzymes such as AST and ALT are released into the bloodstream whenever
hepatocytes are damaged, and this has been reported to occur during prediabetes [55]. The
untreated prediabetic group had a high level of liver AST and ALT [27]. This observation
of increased liver enzymes in the plasma suggested that liver cells are damaged through
oxidative stress and increased hepatic lipogenesis or glycogenesis. However, administration
of the rhenium (V) compound in prediabetic rats resulted in a decreased concentration
of liver enzymes. This can be a result that is observed in this study. The rhenium (V)
compound seems to improve hepatic health via its antioxidant, antilipidemic and anti-
inflammatory effects. Studies have shown that metal-based compounds such as ruthenium
(II) compounds ameliorated liver disarrangement and prevented hepatotoxicity [19,58].

5. Conclusions

The administration of the rhenium compound is associated with an improved liver
health as evidenced by decreased liver triglyceride, glycogen and fasting blood glucose
concentrations. Additionally, the observations suggest that this compound may attenu-
ate liver injury associated with prediabetes, as evidenced by the reduction of oxidative
stress, liver function marker enzymes and inflammatory markers in the liver. Given the
beneficial effects of the rhenium (V) compound presented in this study, further investiga-
tions are warranted to fully assess the therapeutic value of rhenium (V) administration
during prediabetes.
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Abstract: During the COVID-19 pandemic, fewer in-person clinic visits resulted in fewer point-of-care
(POC) HbA1c measurements. In this sub-study, we assessed the performance of alternative glycemic
measures that can be obtained remotely, such as HbA1c home kits and Glucose Management Indicator
(GMI) values from Dexcom Clarity. Home kit HbA1c (n = 99), GMI, (n = 88), and POC HbA1c (n = 32)
were collected from youth with T1D (age 9.7 ± 4.6 years). Bland–Altman analyses and Lin’s concordance
correlation coefficient ( c) were used to characterize the agreement between paired HbA1c measures.
Both the HbA1c home kit and GMI showed a slight positive bias (mean difference 0.18% and 0.34%,
respectively) and strong concordance with POC HbA1c ( c = 0.982 [0.965, 0.991] and 0.823 [0.686, 0.904],
respectively). GMI showed a slight positive bias (mean difference 0.28%) and fair concordance ( c = 0.750
[0.658, 0.820]) to the HbA1c home kit. In conclusion, the strong concordance of GMI and home kits to POC
A1c measures suggest their utility in telehealth visits assessments. Although these are not candidates for
replacement, these measures can facilitate telehealth visits, particularly in the context of other POC HbA1c
measurements from an individual.

Keywords: type 1 diabetes; pediatrics; HbA1c; telemedicine; continuous glucose monitoring

1. Introduction

For individuals with type 1 diabetes (T1D), hemoglobin A1c (HbA1c), self-monitoring
of blood glucose (SMBG), and continuous glucose monitoring (CGM) are common metrics
used to assess glycemic management. HbA1c has long been considered the gold standard in
glucose monitoring [1]. Although HbA1c remains an important measure of glucose values
over time and overall diabetes management, various conditions can impact the accuracy of
HbA1c measures, including hemoglobinopathies, chronic kidney disease, or iron-deficiency
anemia [1]. In routine clinical care, point-of-care (POC) HbA1c measurements using
fingerstick samples with National Glycohemoglobin Standardization Program (NGSP)
certification offer healthcare providers a method for real-time assessment of glycemic
control [2].

With the increasing use of CGM technology [3], various CGM-derived estimations
of HbA1c have evolved over the years. The term “estimated A1c” has also been replaced
with terms such as Glucose Management Indicator (GMI) to reduce confusion if laboratory
HbA1c and estimated A1c differ. CGM-derived glucose metrics offer promising, real-time,
and effective data to better manage T1D [4] by focusing on the glucose time-in-range (i.e.,
time spent between 70–180 mg/dL).
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CGM-derived metrics have become particularly relevant during the COVID-19 pan-
demic, where fewer in-person clinic visits resulted in fewer POC HbA1c measurements.
Therefore, as reported by Beck and colleagues [5], there is an increased need for alternate
methods to assess HbA1c, including academic laboratories’ fingerstick capillary blood
collection kits suitable for home use (HbA1c home kit) and CGM-derived GMI [6]. This
work aimed to assess the accuracy and concordance between POC HbA1c, HbA1c home kit,
and GMI in pediatric patients with T1D within the 4T Study when the COVID-19 pandemic
required creative solutions to monitor glucose control. We report these findings as they
may expand options for evaluating diabetes care.

2. Materials & Methods

This sub-study was part of the larger 4T Study, which aims to initiate CGM (Dex-
com G6; Dexcom, San Diego, CA, USA) shortly after T1D diagnosis, approved by the
Stanford University Institutional Review Board (clinicaltrials.gov: NCT03968055 and
NCT04336969) [7–16]. Inclusion criteria for the 4T Study included all youth within one
month of the T1D diagnosis seen in the Stanford Lucile Packard Children’s Hospital ages six
months to 21. A formal diagnosis of T1D included at least one positive autoantibody. The
exclusion criteria for the 4T Study included a diabetes diagnosis other than T1D, diagnosis
greater than one month before the initial study visit, individuals to obtain diabetes care at
another clinic, individuals who do not consent to CGM use, and individuals greater than
21 years of age.

HbA1c measurements were collected from 71 youth with T1D (age 9.7 ± 4.6 years,
41% female, and 48% Non-Hispanic White, Table 1). Of the 71 unique participants,
23 (32.4%) contributed more than one HbA1c home kit measurement (University of Min-
nesota’s Advanced Research and Diagnostic Laboratory [ARDL]) for a total of 99 HbA1c
values for which there were GMI (n = 88) and concurrent POC HbA1c (n = 32; DCA
Vantage® Analyzer, Siemens, Germany) to evaluate these three methods for measuring
glycemic control. The ARDL HbA1c measurements were performed on the Tosoh G8 HPLC
system in variant mode (Tosoh Bioscience, Inc., South San Francisco, CA, USA). Although
there are a variety of methods for computing a HbA1c value from CGM data [17–19], we
chose GMI in this study because all of the participants enrolled in the 4T Study were started
on a Dexcom G6 CGM system, and we were able to determine GMI readily using Dexcom
Clarity reports.

The HbA1c home kit and POC HbA1c (n = 32) measurements were collected on the
same day in the clinic with the guidance of the study staff. The HbA1c home kit and GMI
(n = 88) and POC A1c and GMI (n = 27) were also collected on the same day. The HbA1c
home kit included an alcohol wipe, gauze, a single-use lancing device, a capillary tube, a
Bio-Rad hemoglobin capillary collection vial with ethylenediaminetetraacetic acid (EDTA)
and potassium cyanide; a cardboard stand to hold the collection vial, written instructions,
a blood collection form, a biohazard bag, a gel pack for freezing, an absorbent pad, and a
cardboard shipping box with a pre-paid return label. The HbA1c home kits were collected,
packaged according to instructions, and mailed via United States Postal Service (USPS) as
first-class mail to the ARDL at the University of Minnesota for analysis.

The POC vs. GMI only had 27 paired samples (versus 32 for POC vs. the home kit)
due to missing GMI data in five participants. Similarly, for the home kit vs. GMI, there
were 88 paired samples (of the 99 total home kits) due to the 11 participants missing GMI
data. Overall, there were fewer matched comparisons available for the POC HbA1c because
fewer families attended in-clinic visits during the COVID-19 pandemic. GMI values were
captured on the same day the home kit and POC HbA1c were collected, and we used a
90-day retrospective GMI measurement period via Dexcom Clarity reports.
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Table 1. Participant Demographics. Note: N = 71 unique participants (25 contributed more than one
measurement).

Demographics
Mean ± SD

Median [IQR]

Age, years
9.7 ± 4.6
10 [6–14]

Sex
Male

Female
29 (41%)
42 (59%)

Race/Ethnicity
Non-Hispanic White
Non-Hispanic Black

Hispanic
Asian/Pacific Islander

Other
Unknown

34 (48%)
0 (0%)

7 (10%)
10 (14%)

2 (3%)
18 (25%)

Body Mass Index (BMI)
18.6 ± 6.1
17 [15–21]

Insurance Type
Private
Public

55 (77%)
16 (23%)

HbA1c at Diagnosis (%) 12.5 ± 2.2

HbA1c Home Kit (%) 6.9 ± 1.2

Months Since Diagnosis
8.6 ± 5.1
8 [4–12]

3. Statistical Analysis

Matched pairs were used for Bland–Altman analyses and Lin’s concordance correla-
tion coefficient ( c) to evaluate the agreement among glycemic control measures. Paired
measures include the following: POC vs. home kit = 32 paired; POC vs. GMI = 27 paired;
and home kit vs. GMI = 88 paired samples. Bias was defined as the difference between
the alternative glycemic control measure and the reference POC A1c as presented for each
measure. When comparing home kits’ A1c and GMI, the home kit was used as the reference
measure since the standard of care POC HbA1c was not available for these matched pairs.
All matched HbA1c measurements were collected on the same day, and 90-day GMI data
were captured using the CGM mean glucose value from Dexcom Clarity. To confirm that
the observed differences fell within the equivalence bounds (i.e., between −0.5 and 0.5%),
a TOST analysis for equivalency was conducted using paired t-tests.

4. Results

The median CGM wear time to evaluate GMI was 98.9% (IQR 86.7, 100%). In relation
to POC HbA1c (Figure 1), both HbA1c home kit (panel (A)) and GMI (panel (B)) showed a
slight positive bias (mean difference 0.18% and 0.34%, respectively). The HbA1c home kit
and GMI showed strong concordance with POC HbA1c ( c = 0.982 [0.965, 0.991] and 0.823
[0.686, 0.904], respectively). The GMI (panel (C)) also showed a slight positive bias (mean
difference 0.28%) and fair concordance ( c = 0.750 [0.658, 0.820]) with the HbA1c home kit.

In addition, the percentage of the paired HbA1c values that deviated by a clinically
meaningful amount (>0.5%) was 0% (POC versus home kit, 0/32), 44% (POC versus GMI,
12/27), and 27% (home kit versus GMI, 24/88); Figure 2. For each pairwise comparison, we
tested the composite null hypotheses H01: Δ ≤ −0.5 and H02: Δ ≥ 0.5. Upon rejection at
the 0.05 alpha level, we concluded that the observed differences fall within the predefined
equivalence bounds of −0.5 and 0.5%.

35



Diabetology 2022, 3

Figure 1. Bland–Altman comparison of the HbA1c home kit, GMI, and POC HbA1c measurements.
The solid line (blue) represents the mean difference between comparator and reference, and the dashed
lines (red) represent the 95% limits of agreement. In (A), the HbA1c home kit is the comparator, and
POC HbA1c is the reference. In (B), GMI is the comparator, and POC HbA1c is the reference. In (C),
GMI is the comparator, and HbA1c home kit is the reference. GMI = Glucose Management Indicator;
POC = point-of-care HbA1c.
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Figure 2. Paired HbA1c values are as follows: (A) POC versus Home Kit A1c, (B) POC versus GMI,
and (C) home kit versus GMI. The green shaded area denotes HbA1c values that did not deviate by a
clinically meaningful amount (>0.5%).

The Bland–Altman analyses revealed that 30 and 90 days of GMI data showed slightly
less bias than using 14-day GMI data (mean difference of 0.34% for both 30 and 90 days of
the GMI data versus 0.38% for 14-day GMI data, respectively).

5. Discussion

In this sub-study, we assessed the accuracy and concordance between POC HbA1c,
HbA1c home kit, and Glucose Management Indicator (GMI) values in pediatric patients
with type 1 diabetes. The COVID-19 pandemic has led to changes and rapid adoption of
diabetes care delivery in a telehealth model. Even with more openings, patients and families
often choose telehealth for convenience [9]. Therefore, implementation and accessibility to
HbA1c home kits will allow for regular glycemia and patient-centered care monitoring. This

37



Diabetology 2022, 3

sub-study demonstrates that the HbA1c home kit and GMI show a strong concordance with
the standard of care POC HbA1c, and these data support the use of the ARDL home HbA1c
kits within the 4T study [7–16], as well as verified home HbA1c kits as an option for clinical
care for telehealth diabetes care. Beck et al. [5] recently reported similar findings with two
capillary blood collection kits (one of which was the ARDL HbA1c home kit described here)
and venous HbA1c. They show compelling evidence that HbA1c measurements from these
two capillary blood collection kits can be used interchangeably with venous HbA1c. In
our analysis, we extend these findings and demonstrate the added utility of GMI in youth
wearing CGM technology.

There are limitations in this sub-study worth noting. We used the Dexcom G6 CGM
system in the present study, so these conclusions may not be generalizable across different
types of CGM systems. In addition, our POC reference device used in this analysis was the
DCA Vantage analyzer based on latex immunoagglutination inhibition, a commonly used
POC A1c measurement system. Different POC HbA1c instruments may work by different
methodologies (e.g., boronate affinity chromatography); therefore, we also note the lack
of generalizability of these conclusions across other HbA1c POC systems that were not
tested. Similarly, in this sub-study, we obtained a relatively small number of matched pairs
(specifically for POC measurements due to the COVID-19 pandemic). This may warrant a
more robust analysis to confirm the current findings.

The use of telehealth-specific options for A1c measures (i.e., GMI and home kit) has its
own unique set of pros and cons. In our analysis, the A1c home kit outperformed GMI in
concordance. However, the A1c home kit also requires additional collection kit instructions
for patients, the possibility of user error in sample collection, and challenges around timely
shipment and analysis of samples. GMI calculations do not correct glycation rates, and
studies have shown that similar methods may yield more accurate A1c estimations [17–19].
Therefore, future studies might consider different methods for calculating HbA1c from
CGM tracings that may correct the rate of glycation and, in turn, the lifetime of red blood
cells. The convenience of GMI is that it does not require additional testing or associated
costs like the A1c home kit and is obtainable from the CGM device already in use.

6. Conclusions

In conclusion, these data demonstrate that the HbA1c home kit and GMI show strong
concordance with POC HbA1c. The use of GMI data in this analysis is not intended to
replace future POC or venous blood samples for HbA1c. However, using GMI may be
particularly helpful for families and individuals that may not have access to POC HbA1c
or the HbA1c home kit and to facilitate telehealth visits. CGM data also provide additional
information on hypoglycemia and glucose variability [20]. Overall, the HbA1c home kit and
GMI may be potential solutions to glycemic assessment during the COVID-19 pandemic
and for future telehealth visits.
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Abstract: Background: COVID-19 has been associated with a higher risk of death in patients with
diabetes mellitus (DM). However, there is a dearth of data regarding the effects of diabetic ketoacidosis
(DKA) in these patients. We explored the in-hospital outcomes of patients who presented with COVID-
19 and DKA. Methods: A propensity score-matched observational retrospective cohort study was
conducted in hospitalized patients with COVID-19 in the public healthcare system of New York City
from 1 March 2020 to 31 October 2020. Patients were matched, and a subgroup analysis of patients
with DKA and COVID-19 and patients without COVID-19 was conducted. Results: 13,333 (16.0%)
patients with COVID-19 and 70,005 (84.0%) without COVID-19 were included in the analysis. The
in-hospital mortality rate was seven-fold in patients with DKA and COVID-19 compared to patients
with COVID-19 and without DKA (80 (36.5%) vs. 11 (5.4%), p < 0.001). Patients with COVID-19 and
DKA had a two-fold higher likelihood for in-hospital death (OR: 1.95; 95% CI: 1.41–2.70; p < 0.001)
after adjusting for multiple variables. Conclusions: DKA was associated with significantly higher
in-hospital mortality in hospitalized patients with COVID-19.

Keywords: coronavirus disease 2019; COVID-19; severe acute respiratory syndrome coronavirus
2; SARS-CoV-2; diabetes; diabetic ketoacidosis; DKA; hyperglycemia; mortality; innate immunity;
cytokine storm; angiotensin-converting enzyme 2; pancreatic β-cell damage

1. Introduction

New-onset diabetes and severe metabolic complications such as diabetic ketoacidosis
(DKA) and hyperosmolar hyperglycemic state (HHS) have been observed in patients
infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) [1], the virus
that causes Coronavirus disease 2019 (COVID-19). Initially, DKA was more commonly
associated with patients with type 1 diabetes mellitus (T1DM) as compared to type 2
diabetes mellitus (T2DM). However, some studies have shown that patients with T2DM
can present with DKA, but they are usually older, require more insulin, and tend to have
a longer course of stay [2,3]. Interestingly, patients with COVID-19 have presented with
DKA without a previously known diagnosis of DM [4,5]. Since the beginning of the
pandemic, there have been reports of worse outcomes and increased mortality in patients
with DKA and COVID-19 [6,7]. It has been proposed that the higher mortality in these
patients can be attributed to advanced age, the higher severity of COVID-19, and the use
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of steroids [8,9]. COVID infection resulted in an increased incidence of DKA in patients
with T2DM. These patients required a longer ICU stay and were found to have worse
mortality [10]. We previously reported significantly higher mortality in patients with
COVID-19 that presented with DKA compared to the previously known mortality rate of
DKA [11]. In this study, we compared the in-hospital outcomes of patients with DKA prior
to the start of the COVID-19 pandemic in our hospital system to the mortality of patients
that presented with DKA in the setting of COVID-19 during the first phase of the pandemic
in 2020.

2. Materials and Methods

2.1. Study Design and Patient Population

This was a propensity score-matched observational cohort study performed at the
eleven acute care hospitals of the New York City Health + Hospitals (NYC H + H) system.
The study group included patients ≥18 years of age who presented to the emergency room
and were admitted to any inpatient service, including intensive care units (ICU), with
laboratory-confirmed COVID-19 from 1 March 2020 to 31 October 2020. The control group
included patients that were admitted from 1 July 2019 to 31 December 2019, before the
pandemic was declared and prior to the first diagnosed case of COVID-19 in the USA.
These populations were matched, and a subgroup analysis of patients with COVID-19 and
DKA and patients with DKA but without COVID-19 was performed. DKA was defined as
blood glucose > 250 mg/dL, pH < 7.3, a bicarbonate level of <18 mEq/L, an elevated anion
gap, and positive ketones in blood or urine [12]. Laboratory-confirmed COVID-19 was
defined as a SARS-CoV-2 positive result in the real-time reverse transcriptase-polymerase
chain reaction (RT-PCR) analysis of nasopharyngeal or nasal swab samples (Bio Reference
Laboratories, Elmwood Park, NJ, USA). We excluded patients that had the following
criteria: patients that were discharged from the emergency department, patients without
laboratory-confirmed COVID-19, and patients who were still hospitalized at the time of
data collection. The study was approved by the Biomedical Research Alliance of New York
Institutional Review Board with a waiver of informed consent (IRB #20-12-318-373). The
data were fully de-identified and anonymized before they were accessed, and IRB waived
the requirement for informed consent.

2.2. Data Sources

The study data were obtained from electronic health records via appropriate diagnostic
codes (Epic systems, Verona, WI, USA). The dataset was reviewed by two independent
investigators for missing data and completeness. The extracted data included baseline
demographic variables (age, sex, race), clinical characteristics (body mass index (BMI),
history of tobacco use, hypertension, hyperlipidemia, asthma, coronary artery disease
(CAD), heart failure, stroke/transient ischemic attack (TIA), chronic kidney disease (CKD),
end-stage renal disease (ESRD)), medication list (including insulin, biguanides, dipeptidyl
peptidase- 4 (DPP-4) inhibitors, glucagon like peptide-1 (GLP-1) agonists, sulfonylureas,
insulin, angiotensin-converting enzyme (ACE) inhibitors, and statins), laboratory data
(hemoglobin A1C,C-reactive protein (CRP), lactate dehydrogenase (LDH), Ferritin, D-
Dimer, creatinine, aspartate aminotransferase (AST), alanine aminotransferase (ALT)), and
outcomes including invasive mechanical ventilation, admission to the intensive care unit
(ICU), the need for renal replacement therapy (RRT), and death from all causes. The
data were processed and analyzed without any personal identifiers to maintain patient
confidentiality, as per the Health Insurance Portability and Accountability Act (HIPAA).

2.3. Exposure of Interest and Outcomes

The primary outcome was the in-hospital mortality in patients with COVID-19 and
DKA. The secondary outcomes were length of stay (LOS), invasive mechanical ventilation,
admission to the ICU, and need for RRT.
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2.4. Statistical Analysis

Propensity score matching was conducted to create comparable groups controlling for
imbalances of covariates [13] [Supplemental Material Figures S1 and S2]. The propensity
score was estimated using a logistic regression model and is the subject-specific probability
of being infected with COVID-19, in which the following covariates were used: age, sex,
BMI, race, DKA, comorbidities (history of diabetes mellitus, hypertension, hyperlipidemia,
Chronic obstructive pulmonary disease (COPD), asthma, CAD, heart failure, stroke TIA,
ESRD, CKD), and medications (biguanides, DPP4 inhibitors, SGLT2 inhibitors, GLP-1
agonists, insulin, ACE inhibitors, sulfonylureas, and statins). A nearest-neighbor matching
without replacement was performed using a caliper of 0.2, which has been found to be
optimal [14,15].

A stepwise logistic regression model identified the baseline variables associated with
in-hospital mortality, invasive mechanical ventilation/intubation [Tables S1–S3] admission
to ICU [Tables S4–S6], and the need for RRT [Tables S7–S9] in three different data panels:
(a) matched groups (COVID-19 and control), (b) COVID-19 group, and (c) DKA group.
Univariate analysis was performed, and four multivariate models with different definitions
of our variable of interest are presented for robustness: model 1: age, sex, and BMI; model
2: age, sex, BMI, and all comorbidities; model 3: age, sex, BMI, all comorbidities, and
diabetes medications; model 4: age, sex, BMI, all comorbidities, diabetes medications, and
all medications used during inpatient status. Additional variables are included in the
multivariable models 1–4 for every different panel, specifically: for panel (a), models 1–4
also include positive COVID-19 status and the presence of DKA; for panel (b), models
1–4 also include the presence of DKA; and for panel (c), models 1–4 also include positive
COVID-19 status.

T-tests compared continuous variables, while Chi-Square tests compared discrete
variables. Continuous data are presented as median values with the interquartile range
(IQR) specified, and categorical data are presented as absolute and relative frequencies. A
p-value < 0.05 was considered statistically significant.

3. Results

3.1. Descriptive Analyses
3.1.1. Baseline Characteristics

A flowchart of the analysis is presented in Figure 1. In total, 83,338 patients were
included in our analysis. A total of 13,333 (16.0%) were patients with COVID-19, and
70,005 (84.0%) were patients without COVID-19. The propensity score matching between
the COVID-19 and control groups yielded a cohort of 22,694 patients (COVID-19 group:
11,347 and control group: 11,347). In the COVID-19 group, 58.8% were men, the median
age was 62 (IQR 49–74) years, and the median BMI was 28.1 (24.4–32.8) kg/m2. From the
non-COVID-19 group, 57.8% were men, the median age was 62 (IQR 48–75) years, and the
median BMI was 27.9 (23.8–33.3) kg/m2. The matching in DKA patients yielded a cohort of
422 patients (DKA/COVID-19 group: 219 and control group: 203). In the DKA/COVID-19
group, 63.5% were men, the median age was 56 (69–41) years, and the median BMI was 25.7
(22.6–30.2) kg/m2. In the DKA/non-COVID-19 group, 67.0% were men, the median age
was 50 (38–63) years, and the median BMI was 26.1 (22.4–30.8) kg/m2. Detailed baseline
characteristics are included in Table 1.
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Figure 1. Flowchart of the analysis.

Table 1. Baseline characteristics.

COVID-19 and Control Group DKA/COVID-19 vs. DKA/Non-COVID-19

Total
(N = 22,694)

COVID-19
Group

(N = 11,347)

Control Group
(N = 11,347)

p-Value
Total

(N = 422)

COVID-19
Group

(N = 219)

Control
Group

(N = 203)
p-Value

Male sex—no. (%) 13,224 (52.2) 6672 (58.8) 6552 (57.7) 0.106 275 (65.1) 139 (63.4) 136 (67.0) 0.448

Age—years—Median
(IQR) 62 (48–74) 62 (49–74) 62 (48–75) 0.233 53 (40–66) 56 (41–69) 50 (38–63) 0.004

BMI—kg/m2—Median
(IQR)

27.9
(24.1–33.1)

28.1
(24.4–32.8) 27.9 (23.8–33.3) 0.063 25.8

(22.5–30.4)
25.7

(22.6–30.2)
26.1

(22.4–30.8) 0.429

Race/Ethnicity—no. (%)

Asian 1395 (6.21) 643 (5.7) 752 (6.7) <0.001 16 (3.8) 9 (4.1) 7 (3.5) 0.255

Black 7264 (32.3) 3577 (31.8) 3687 (32.8) 153 (36.7) 74 (34.1) 79 (45.2)

White 3003 (13.3) 1174 (10.4) 1829 (16.3) 40 (9.6) 17 (7.8) 23 (11.5)

Other/Latino 10,791 (48.0) 5846 (52.0) 4945 (44.1) 207 (49.7) 117 (53.9) 90 (45.2)

Coexisting disorder—no.
(%)

Diabetic Ketoacidosis 422 (1.8) 219 (1.9) 203 (1.7) 0.432 422 (100) 219 (100) 203 (100) -

History of DM 9951 (43.8) 4938 (43.5) 5013 (44.1) 0.316 422 (100) 219 (100) 203 (100) -
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Table 1. Cont.

COVID-19 and Control Group DKA/COVID-19 vs. DKA/Non-COVID-19

Total
(N = 22,694)

COVID-19
Group

(N = 11,347)

Control Group
(N = 11,347)

p-Value
Total

(N = 422)

COVID-19
Group

(N = 219)

Control
Group

(N = 203)
p-Value

Type 1 Diabetes 139 (0.6) 61 (0.5) 78 (0.6) 0.148 93 (22.0) 44 (20.0) 49 (24.1) 0.316

HTN 5127 (22.5) 2532 (22.3) 2595 (22.8) 0.317 99 (23.4) 46 (21.0) 53 (26.1) 0.216

HLD 2114 (9.3) 1042 (9.1) 1072 (9.4) 0.493 45 (10.6) 24 (10.9) 21 (10.3) 0.838

Pulmonary HTN 108 (0.4) 45 (0.4) 63 (0.5) 0.083 1 (0.2) 1 (0.4) 0 (0.0) 0.335

COPD 474 (2.0) 218 (1.9) 256 (2.2) 0.078 1 (0.2) 0 (0.0) 1 (0.4) 0.298

Asthma 976 (4.3) 474 (4.1) 502 (4.4) 0.360 13 (3.0) 4 (1.8) 9 (4.4) 0.121

CAD 707 (3.1) 347 (3.0) 360 (3.1) 0.619 5 (1.1) 4 (1.8) 1 (0.4) 0.206

Heart Failure 1225 (5.4) 592 (5.2) 633 (5.5) 0.228 16 (3.7) 8 (3.6) 8 (3.9) 0.877

Stroke/TIA 304 (1.3) 163 (1.4) 141 (1.2) 0.204 3 (0.7) 2 (0.9) 1 (0.4) 0.607

ESRD 1032 (4.5) 513 (4.5) 519 (4.5) 0.848 18 (4.2) 9 (4.1) 9 (4.4) 0.869

Chronic Kidney Disease 1339 (5.9) 660 (5.8) 679 (5.9) 0.592 29 (6.8) 12 (5.4) 17 (8.3) 0.241

Notes: BMI in kg/m2. p-values refer to t-test or Chi-Square test between COVID-19 and control groups. Sig-
nificance at p-value < 0.05. Abbreviations and symbols: BMI = body mass index; kg = kilograms; m = meter;
N = no = number; IQR = interquartile range; DKA = Diabetic Ketoacidosis; DM = Diabetes Mellitus; HTN = hyper-
tension; HLD = hyperlipidemia; COPD = Chronic Obstructive Pulmonary Disease; CAD = coronary artery disease;
TIA = Transient Ischemic Attack; ESRD = End-Stage Renal Disease.

3.1.2. Inflammatory Markers

The baseline concentrations of the available inflammatory markers are presented in
Table 2. The median values of LDH, D-dimer, ferritin, and CRP were higher in patients with
COVID-19 compared to patients without COVID-19 (p < 0.001). Significant and consistent
differences in the baseline concentrations of inflammatory markers among patients with
DKA/COVID-19 compared to patients with DKA but not COVID-19 were not noted.

Table 2. Laboratory values.

COVID-19 vs. Non COVID-19 DKA with COVID-19 vs. DKA without COVID-19

Inflammatory Markers
Total

(N = 22,694)

COVID-19
Group

(N = 11,347)

Control Group
(N = 11,347)

p-Value
Total

(N = 422)

COVID-19
Group

(N = 219)

Control
Group

(N = 203)
p-Value

CRP (mg/L)—Median
(IQR) 18.1 (5.7–602) 18.7 (6–60.1) 11.5 (2.98–61) 0.035 13.1

(4.4–52.3) 12.7 (4.4–52.3) 14.1 (6.3–20.7) 0.247

LDH (U/L)—Median
(IQR) 388 (279–568) 399 (290–577) 271 (197–402) <0.001 424

(301–619)
427

(309–631.5) 268 (169–584) 0.141

Ferritin
(ng/mL)—Median (IQR) 631 (263–1310) 731 (344–1418) 212 (72–593) <0.001 820

(454–1501)
914

(490.6–1606) 410 (158–655) 0.026

D-Dimer
(ng/mL)—Median (IQR)

721
(333–2272.5) 736 (351–2314) 471 (236–1331.5) 0.008 1143

(471–2698)
1093

(481.5–2774.5)
1686.8

(294.5–2284) 0.491

Creatinine
(mg/dL)—Median (IQR) 0.9 (0.7–1.3) 0.9 (0.7–1.6) 0.9 (0.7–1.2) <0.001 0.9 (0.6–1.5) 1 (0.6–2.2) 0.8 (0.6–1.12) <0.001

AST (U/L)—Median
(IQR) 30 (20–52) 38 (25–65) 24 (17–36) <0.001 28 (18–50) 35 (21–66) 22 (15–37) 0.017

ALT (U/L)—Median
(IQR) 25 (15–47) 33 (19–60) 19 (13–32) <0.001 22 (15–43) 24 (16–48) 20 (14–34) 0.041

HbA1c (%)—Median
(IQR) 6.4 (5.7–8.2) 6.6 (5.8–8.6) 6.3 (5.6–7.9) <0.001 12.8

(10.8–14.8)
13.1

(10.7–15.2)
12.4

(10.8–14.6) 0.371

Vitamin D
(ng/mL)/Admission—

Median
(IQR)

21.3 (14–29.8) 20.8 (13–29.8) 22 (14.7–29.8) 0.768 14.3
(9.4–29.5) 13.6 (9.7–29) 17.8 (9–30) 0.892

Vitamin D (ng/mL)/Pre
COVID-19—Median (IQR)

24.9
(16.5–33.5)

24.9
(16.5–33.5)

23.7
(15–32.3) 23.7 (15–32.3)

Note: p-values refer to T-test between COVID-19 and control groups. Significance at p-value < 0.05. Abbreviations
and symbols: N = number; IQR = interquartile range; U/L = unit/liter; mg = milligram; ng = nanogram; ml =
milliliter; dL = deciliter; DKA = Diabetic Ketoacidosis; CRP = C-Reactive Protein; LDH = Lactate Dehydrogenase;
AST = Aspartate Aminotransferase; ALT = Alanine Aminotransferase; HbA1c = Hemoglobin A1c.
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3.1.3. Outcomes

The median LOS in patients with COVID-19 was 6 days vs. 4 days in the control
group (p < 0.001). In total, 9.1% of patients with COVID-19 required intubation compared
to 3.3% in the non-COVID-19 control group (p < 0.001). ICU admission happened for
23.4% of patients in the COVID-19 group vs. 14.7% of patients in the non-COVID-19 group
(p < 0.001). A total of 8.5% of patients with COVID-19 required RRT compared to 4.2% in the
control group (p < 0.001). In-hospital death occurred in 26.0% of patients with COVID-19
compared to 9.3% in the control group (p < 0.001). Outcomes are presented in Table 3 and
Figure 2.

Table 3. Outcomes in COVID-19 patients vs. control group.

Outcomes COVID-19 vs. Non COVID-19

Total (N = 22,694)
COVID-19 Group

(N = 11,347)
Control Group

(N = 11,347)
p-Value

Length of Stay—Median (IQR) 5 (2–10) 6 (3–13) 4 (2–8) <0.001

Death—no. (%) 4007 (17.6) 2949 (25.9) 1058 (9.3) <0.001

Intubation—no. (%) 1413 (6.2) 1034 (9.1) 379 (3.3) <0.001

ICU Admission—no. (%) 4324 (19.0) 2658 (23.4) 1666 (14.6) <0.001

Renal Replacement
Therapy—no. (%) 1445 (6.3) 967 (8.5) 478 (4.2) <0.001

Notes: p-values refer to T-test or Chi-Square test between COVID-19 and control groups. Significance at p-value <
0.05. Abbreviations and symbols: N = no = number; IQR = interquartile range; ICU = Intensive Care Unit.

 

Figure 2. Outcomes in COVID-19 vs. control groups after propensity score matching.
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3.2. Subgroup Analysis for Patients with DKA

In patients with DKA and COVID-19, the LOS was 7 days compared to 4 days in
patients with DKA and without COVID-19. Intubation happened for 14.6% of patients with
DKA and COVID-19 vs. 5.9% of patients with DKA and without COVID-19 (p = 0.003).
The mortality rates were 36.5% for patients with DKA and COVID-19 compared to 5.4%
for patients with DKA and without COVID-19 (p < 0.001). The rate of requiring RRT was
significantly higher in the DKA/COVID 19 group compared to the DKA/non-COVID-19
group (p = 0.005). There was no statistical significance of ICU admission between the two
groups (p = 0.207). The outcomes of the subgroup analysis are presented in Table 4 and
Figure 3.

Table 4. Outcomes in DKA patients with COVID-19 vs. without COVID-19.

Outcomes DKA with COVID-19 vs. DKA without COVID-19

Total (N = 422)
COVID-19 Group

(N = 219)
Control Group

(N = 203)
p-Value

Length of Stay—Median (IQR) 5 (3–10) 7 (4–13) 4 (2–7) 0.003

Death—no. (%) 91 (21.5) 80 (36.5) 11 (5.4) <0.001

Intubation—no. (%) 44 (10.4) 32 (14.6) 12 (5.9) 0.003

ICU Admission—no. (%) 242 (57.3) 132 (60.2) 110 (54.1) 0.207

Renal Replacement
Therapy—no. (%) 38 (9.0) 28 (12.7) 10 (4.9) 0.005

Notes: p-values refer to T-test or Chi-Square test between COVID-19 and control groups. Significance at p-value
< 0.05. Abbreviations and symbols: N = no = number; IQR = interquartile range; ICU = Intensive Care Unit;
DKA = Diabetic Ketoacidosis.

 

Figure 3. Outcomes in DKA vs. no DKA and COVID-19 vs. control groups after propensity
score matching.
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3.3. Logistic Regression Analysis
3.3.1. Matched Cohort (COVID-19 and Non-COVID-19)

Univariate associations with in-hospital mortality were examined for the available
baseline demographic and clinical characteristics and are presented in Table 5. Older age,
male sex, higher BMI, ESRD, COVID-19, diabetes mellitus, and DKA were all associated
with a higher likelihood for in-hospital mortality in all models. Hypertension, CAD, asthma,
and a history of stroke were shown to have an inverse association with in-hospital death.
The use of biguanides, DPP4-inhibitors, ACE inhibitors, sulfonylureas, and statins were
also shown to have an inverse association with in-hospital death.

Table 5. Baseline patient characteristics: univariate and multivariate logistic regression analysis for
the outcome of mortality.

Univariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Model 1 Model 2 Model 3 Model 4

n = 22,694 n = 22,694 n = 22,694 n = 22,694

Variables
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value

Age per 10 years 1.49 ** (1.46–1.52)
p < 0.001

1.64 ** (1.60–1.67)
p < 0.001

1.63 ** (1.59–1.68)
p < 0.001

1.66 ** (1.61–1.70)
p < 0.001

1.66 ** (1.62–1.71)
p < 0.001

Male sex 1.18 ** (1.10–1.26)
p < 0.001

1.42 ** (1.31–1.53)
p < 0.001

1.40 ** (1.29–1.51)
p < 0.001

1.42 ** (1.31–1.53)
p < 0.001

1.33 ** (1.23–1.45)
p < 0.001

BMI 1.00 (0.99–1.00)
p = 0.693

1.03 ** (1.02–1.03)
p < 0.001

1.03 ** (1.02–1.03)
p < 0.001

1.03 ** (1.02–1.03)
p < 0.001

1.03 ** (1.02–1.03)
p < 0.001

COVID-19 3.41 ** (3.17–3.68)
p < 0.001

3.95 ** (3.64–4.28)
p < 0.001

4.11 ** (3.78–4.46)
p < 0.001

4.10 ** (3.78–4.45)
p < 0.001

3.62 ** (3.30–3.98)
p < 0.001

Diabetic Ketoacidosis 1.29 * (1.02–1.63)
p = 0.034

1.89 ** (1.47–2.43)
p < 0.001

1.50 ** (1.14–1.96)
p = 0.003

1.51 ** (1.15–1.99)
p = 0.003

1.46 ** (1.10–1.94)
p = 0.009

History of DM 2.02 ** (1.88–2.16)
p < 0.001

1.88 ** (1.74–2.04)
p < 0.001

2.17 ** (1.97–2.38)
p < 0.001

1.68 ** (1.52–1.85)
p < 0.001

Type 1 Diabetes 0.40 ** (0.22–0.74)
p = 0.004

0.52 (0.26–1.03)
p = 0.061

0.50 (0.25–1.00)
p = 0.051

0.56 (0.28–1.14)
p = 0.112

Hypertension 0.93 (0.85–1.01)
p = 0.079

0.64 ** (0.58–0.71)
p < 0.001

0.69 ** (0.62–0.77)
p < 0.001

0.70 ** (0.63–0.78)
p < 0.001

Hyperlipidemia 0.88 * (0.78–0.99)
p = 0.035

0.77 ** (0.67–0.89)
p < 0.001

0.87 (0.75–1.01)
p = 0.064

0.95 (0.82–1.11)
p = 0.544

Pulmonary Hypertension 1.56 * (1.01–2.41)
p = 0.047

1.61 (0.95–2.73)
p = 0.079

1.56 (0.91–2.67)
p = 0.109

1.55 (0.87–2.77)
p = 0.138

COPD 1.19 (0.95–1.49)
p = 0.135

1.15 (0.89–1.49)
p = 0.275

1.19 (0.92–1.54)
p = 0.176

0.96 (0.73–1.26)
p = 0.781

Asthma 0.51 ** (0.41–0.63)
p < 0.001

0.60 ** (0.48–0.75)
p < 0.001

0.61 ** (0.48–0.76)
p < 0.001

0.51 ** (0.40–0.64)
p < 0.001

CAD 1.03 (0.85–1.25)
p = 0.751

0.74 ** (0.59–0.93)
p = 0.009

0.78 * (0.62–0.99)
p = 0.038

0.81 (0.63–1.03)
p = 0.085

Heart Failure 1.31 ** (1.14–1.50)
p < 0.001

1.00 (0.84–1.19)
p = 0.973

1.08 (0.90–1.29)
p = 0.398

1.21 * (1.00–1.46)
p = 0.045

Stroke/TIA 0.87 (0.64–1.19)
p = 0.390

0.62 ** (0.44–0.87)
p = 0.006

0.66 * (0.46–0.93)
p = 0.019

0.73 (0.50–1.05)
p = 0.093

ESRD 1.84 ** (1.60–2.12)
p < 0.001

2.11 ** (1.76–2.53)
p < 0.001

2.03 ** (1.69–2.44)
p < 0.001

1.76 ** (1.45–2.15)
p < 0.001

Chronic Kidney Disease 1.47 ** (1.29–1.68)
p < 0.001

1.06 (0.90–1.25)
p = 0.460

1.06 (0.89–1.25)
p = 0.510

1.12 (0.94–1.34)
p = 0.215

Biguanides 0.65 ** (0.57–0.74)
p < 0.001

0.63 ** (0.54–0.73)
p < 0.001

0.72 ** (0.62–0.85)
p < 0.001
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Table 5. Cont.

Univariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Model 1 Model 2 Model 3 Model 4

n = 22,694 n = 22,694 n = 22,694 n = 22,694

Variables
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value

DPP4 inhibitors 0.86 * (0.76–0.99)
p = 0.031

0.75 ** (0.64–0.87)
p < 0.001

0.77 ** (0.65–0.91)
p = 0.002

SGLT-2 inhibitors 0.60 (0.24–1.52)
p = 0.278

0.93 (0.35–2.48)
p = 0.881

0.83 (0.24–2.82)
p = 0.764

GLP-1 agonists 0.80 (0.52–1.22)
p = 0.297

0.92 (0.56–1.51)
p = 0.742

0.95 (0.57–1.57)
p = 0.842

Insulin 1.48 ** (1.38–1.59)
p < 0.001

1.08 (0.99–1.19)
p = 0.100

1.09 (0.99–1.20)
p = 0.092

ACE inhibitors 0.86 ** (0.79–0.94)
p = 0.001

0.71 ** (0.64–0.78)
p < 0.001

0.75 ** (0.67–0.83)
p < 0.001

Sulfonylureas 0.75 * (0.57–0.99)
p = 0.046

0.72 * (0.53–0.97)
p = 0.033

0.78 (0.56–1.08)
p = 0.129

Statins 1.34 ** (1.25–1.43)
p < 0.001

0.83 ** (0.76–0.90)
p < 0.001

0.79 ** (0.72–0.86)
p < 0.001

Heparin 2.14 ** (2.00–2.30)
p < 0.001

1.51 ** (1.38–1.65)
p < 0.001

Enoxaparin 1.37 ** (1.28–1.47)
p < 0.001

0.92 (0.84–1.01)
p = 0.096

Apixaban 1.27 ** (1.15–1.41)
p < 0.001

0.61 ** (0.54–0.69)
p < 0.001

Steroids 3.84 ** (3.57–4.13)
p < 0.001

2.71 ** (2.48–2.97)
p < 0.001

Tocilizumab 3.44 ** (2.92–4.06)
p < 0.001

1.49 ** (1.22–1.82)
p < 0.001

Remdesivir 1.61 ** (1.29–2.02)
p < 0.001

0.54 ** (0.42–0.71)
p < 0.001

Convalescent Plasma 3.97 ** (3.34–4.72)
p < 0.001

1.10 (0.88–1.39)
p = 0.406

Cefepime 5.63 ** (5.15–6.17)
p < 0.001

3.06 ** (2.74–3.41)
p < 0.001

Notes: Table 5 shows univariate analysis and four multivariate models with different definitions of our variable
of interest. Model 1 includes the variables: age, sex, BMI, diabetic ketoacidosis, and COVID-19. Model 2
includes the variables: age, sex, BMI, diabetic ketoacidosis, COVID-19, and comorbidities including a history
of diabetes, hypertension, hyperlipidemia, pulmonary hypertension, chronic obstructive pulmonary diseases,
asthma, coronary artery disease, heart failure, stroke/TIA, end-stage renal disease, and chronic kidney disease.
Model 3 includes the variables: age, aex, BMI, diabetic ketoacidosis, COVID-19, comorbidities including a history
of diabetes, hypertension, hyperlipidemia, pulmonary hypertension, chronic obstructive pulmonary diseases,
asthma, coronary artery disease, heart failure, stroke/TIA, end-stage renal disease, and chronic kidney disease,
and antidiabetic medication classes including biguanides, DPP4 inhibitors, SGLT-2 inhibitors, GLP-1 agonists,
insulin, ACE inhibitors, sulfonylureas, and statins. Model 4 includes the variables: age, sex, BMI, diabetic
ketoacidosis, COVID-19, comorbidities including a history of diabetes, hypertension, hyperlipidemia, pulmonary
hypertension, chronic obstructive pulmonary diseases, asthma, coronary artery disease, heart failure, stroke/TIA,
end-stage renal disease, and chronic kidney disease, antidiabetic medication classes including biguanides, DPP4
inhibitors, SGLT-2 inhibitors, GLP-1 agonists, insulin, ACE inhibitors, sulfonylureas, and statins, and all the
medications used during inpatient status: heparin, enoxaparin, apixaban, steroids, tocilizumab, remdesivir,
convalescent plasma, and cefepime. ** p < 0.01, * p < 0.05.

Abbreviations and symbols: n = number; BMI in kg/m2; DM = Diabetes Melli-
tus; DKA = Diabetic Ketoacidosis; COPD = Chronic Obstructive Pulmonary Disease;
CAD = coronary artery disease; TIA = Transient Ischemic Attack; ESRD = End-Stage Renal
Disease; DPP 4 = Dipeptidyl Peptidase 4; GLP 1 = Glucagon-like peptide 1; SGLT 2 =
Sodium Glucose Transporter 2; ACE = Angiotensin-Converting Enzyme
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3.3.2. COVID-19 Cohort

Univariate associations with in-hospital mortality for the COVID-19 cohort were
examined for the available baseline demographics and clinical characteristics and are
presented in Table 6. Older age, male sex, higher BMI, diabetes mellitus, and DKA were
associated with a higher likelihood for in-hospital death in all models. A history of type
1 diabetes, hypertension, asthma, heart failure, and stroke/TIA were shown to have an
inverse association with in-hospital mortality. The use of biguanides, DPP4-inhibitors, and
ACE inhibitors was also inversely associated with in-hospital mortality.

Table 6. COVID-19 Cohort: univariate and multivariate logistic regression analysis for the outcome
of mortality.

Univariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Model 1 Model 2 Model 3 Model 4

n = 11,371 n = 11,371 n = 11,371 n = 11,371

Variables
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value

Age per 10 years 1.61 ** (1.57–1.65)
p < 0.001

1.67 ** (1.62–1.72)
p < 0.001

1.69 ** (1.63–1.74)
p < 0.001

1.71 ** (1.65–1.77)
p < 0.001

1.76 ** (1.70–1.83)
p < 0.001

Male sex 1.18 ** (1.10–1.28)
p < 0.001

1.47 ** (1.34–1.61)
p < 0.001

1.46 ** (1.32–1.61)
p < 0.001

1.47 ** (1.33–1.62)
p < 0.001

1.34 ** (1.20–1.48)
p < 0.001

BMI 1.00 (1.00–1.01)
p = 0.154

1.04 ** (1.03–1.04)
p < 0.001

1.03 ** (1.03–1.04)
p < 0.001

1.04 ** (1.03–1.04)
p < 0.001

1.03 ** (1.03–1.04)
p < 0.001

Diabetic Ketoacidosis 1.94 ** (1.51–2.49)
p < 0.001

2.57 ** (1.92–3.43)
p < 0.001

1.95 ** (1.42–2.68)
p < 0.001

1.95 ** (1.41–2.70)
p < 0.001

1.95 ** (1.37–2.76)
p < 0.001

History of DM 2.09 ** (1.93–2.26)
p < 0.001

2.09 ** (1.90–2.30)
p < 0.001

2.54 ** (2.28–2.85)
p < 0.001

1.85 ** (1.64–2.09)
p < 0.001

Type 1 Diabetes 0.65 (0.36–1.19)
p = 0.166

0.36 * (0.16–0.81)
p = 0.014

0.35 * (0.15–0.82)
p = 0.016

0.37 * (0.16–0.88)
p = 0.024

Hypertension 0.73 ** (0.66–0.80)
p < 0.001

0.53 ** (0.46–0.60)
p < 0.001

0.59 ** (0.51–0.68)
p < 0.001

0.56 ** (0.48–0.65)
p < 0.001

Hyperlipidemia 0.80 ** (0.69–0.92)
p = 0.001

0.85 (0.71–1.01)
p = 0.064

0.96 (0.80–1.16)
p = 0.658

1.09 (0.90–1.33)
p = 0.376

Pulmonary Hypertension 0.95 (0.49–1.83)
p = 0.871

1.06 (0.47–2.35)
p = 0.895

0.99 (0.43–2.26)
p = 0.982

1.02 (0.37–2.83)
p = 0.962

COPD 1.02 (0.77–1.35)
p = 0.904

1.19 (0.86–1.65)
p = 0.288

1.25 (0.90–1.75)
p = 0.190

1.06 (0.73–1.53)
p = 0.773

Asthma 0.49 ** (0.38–0.62)
p < 0.001

0.64 ** (0.49–0.84)
p = 0.001

0.66 ** (0.50–0.87)
p = 0.003

0.56 ** (0.42–0.75)
p < 0.001

CAD 0.97 (0.77–1.21)
p = 0.773

0.85 (0.64–1.12)
p = 0.249

0.93 (0.69–1.24)
p = 0.615

0.98 (0.72–1.34)
p = 0.919

Heart Failure 0.78 ** (0.65–0.94)
p = 0.010

0.62 ** (0.49–0.79)
p < 0.001

0.68 ** (0.54–0.87)
p = 0.002

0.83 (0.64–1.07)
p = 0.144

Stroke/TIA 0.66 * (0.46–0.97)
p = 0.032

0.48 ** (0.31–0.75)
p = 0.001

0.51 ** (0.33–0.81)
p = 0.004

0.56 * (0.35–0.91)
p = 0.018

ESRD 1.33 ** (1.11–1.59)
p = 0.002

1.63 ** (1.29–2.07)
p < 0.001

1.58 ** (1.24–2.02)
p < 0.001

1.15 (0.89–1.49)
p = 0.295

Chronic Kidney Disease 1.24 * (1.05–1.46)
p = 0.010

1.05 (0.85–1.29)
p = 0.677

1.02 (0.82–1.27)
p = 0.864

1.08 (0.86–1.37)
p = 0.497
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Table 6. Cont.

Univariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Model 1 Model 2 Model 3 Model 4

n = 11,371 n = 11,371 n = 11,371 n = 11,371

Variables
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value

Biguanides 0.55 ** (0.47–0.65)
p < 0.001

0.57 ** (0.47–0.69)
p < 0.001

0.70 ** (0.57–0.87)
p = 0.001

DPP4 inhibitors 0.75 ** (0.64–0.88)
p < 0.001

0.78 * (0.64–0.95)
p = 0.014

0.84 (0.68–1.03)
p = 0.100

SGLT-2 inhibitors 0.77 (0.28–2.07)
p = 0.601

1.13 (0.33–3.89)
p = 0.847

0.86 (0.16–4.60)
p = 0.858

GLP-1 agonists 1.03 (0.65–1.64)
p = 0.896

1.22 (0.66–2.24)
p = 0.523

1.35 (0.71–2.57)
p = 0.364

Insulin 1.34 ** (1.24–1.45)
p < 0.001

0.94 (0.84–1.06)
p = 0.343

0.95 (0.84–1.08)
p = 0.434

ACE inhibitors 0.69 ** (0.62–0.76)
p < 0.001

0.58 ** (0.51–0.65)
p < 0.001

0.61 ** (0.53–0.70)
p < 0.001

Sulfonylureas 0.77 (0.58–1.04)
p = 0.088

0.83 (0.57–1.21)
p = 0.334

0.86 (0.57–1.29)
p = 0.460

Statins 1.28 ** (1.19–1.39)
p < 0.001

0.92 (0.82–1.02)
p = 0.109

0.85 ** (0.76–0.95)
p = 0.004

Heparin 2.69 ** (2.48–2.91)
p < 0.001

2.02 ** (1.81–2.26)
p < 0.001

Enoxaparin 0.92 * (0.85–0.99)
p = 0.036

0.98 (0.87–1.11)
p = 0.760

Apixaban 0.97 (0.86–1.09)
p = 0.588

0.52 ** (0.44–0.61)
p < 0.001

Steroids 3.51 ** (3.23–3.81)
p < 0.001

3.01 ** (2.69–3.38)
p < 0.001

Tocilizumab 2.07 ** (1.76–2.42)
p < 0.001

1.37 ** (1.11–1.69)
p = 0.003

Remdesivir 0.93 (0.74–1.17)
p = 0.557

0.54 ** (0.41–0.71)
p < 0.001

Convalescent Plasma 2.38 ** (2.00–2.83)
p < 0.001

1.05 (0.82–1.34)
p = 0.708

Cefepime 4.52 ** (4.08–5.02)
p < 0.001

3.13 ** (2.74–3.58)
p < 0.001

Notes: Table 6 shows univariate analysis and four multivariate models with different definitions of our variable of
interest. Model 1 includes the variables: age, sex, BMI, and diabetic ketoacidosis. Model 2 includes the variables:
age, sex, BMI, diabetic ketoacidosis, and comorbidities including a history of diabetes, hypertension, hyperlipi-
demia, pulmonary hypertension, chronic obstructive pulmonary diseases, asthma, coronary artery disease, heart
failure, stroke/TIA, end-stage renal disease, and chronic kidney disease. Model 3 includes the variables: age,
sex, BMI, diabetic ketoacidosis, comorbidities including a history of diabetes, hypertension, hyperlipidemia,
pulmonary hypertension, chronic obstructive pulmonary diseases, asthma, coronary artery disease, heart failure,
stroke/TIA, end-stage renal disease, and chronic kidney disease, and antidiabetic medication classes including
biguanides, DPP4 inhibitors, SGLT-2 inhibitors, GLP-1 agonists, insulin, ACE inhibitors, sulfonylureas, and
statins. Model 4 includes the variables: age, sex, BMI, diabetic ketoacidosis, comorbidities including a history
of diabetes, hypertension, hyperlipidemia, pulmonary hypertension, chronic obstructive pulmonary diseases,
asthma, coronary artery disease, heart failure, stroke/TIA, end-stage renal disease, and chronic kidney disease,
antidiabetic medication classes including biguanides, DPP4 inhibitors, SGLT-2 inhibitors, GLP-1 agonists, in-
sulin, ACE inhibitors, sulfonylureas, and statins, and all the medications used during inpatient status: heparin,
enoxaparin, apixaban, steroids, tocilizumab, remdesivir, convalescent plasma, and cefepime. ** p < 0.01, * p < 0.05.
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Abbreviations and symbols: n = number; BMI in kg/m2; DM = Diabetes Melli-
tus; DKA = Diabetic Ketoacidosis; COPD = Chronic Obstructive Pulmonary Disease;
CAD = coronary artery disease; TIA = Transient Ischemic Attack; ESRD = End-Stage Renal
Disease; DPP 4 = Dipeptidyl Peptidase 4; GLP 1 = Glucagon-like peptide 1; SGLT 2 =
Sodium Glucose Transporter 2; ACE = Angiotensin-Converting Enzyme

3.3.3. DKA Cohort

Univariate associations with in-hospital mortality for the DKA cohort were examined
for the available baseline demographics and clinical characteristics and are presented
in Table 7. Older age, higher BMI, and hyperlipidemia were associated with a higher
likelihood for in-hospital mortality in all models. COVID-19, in this cohort, was associated
with an almost ten-fold likelihood for in-hospital mortality in all cohorts. In this cohort, no
association between other comorbidities or the use of medications and in-hospital death
was noted.

Table 7. DKA Cohort: univariate and multivariate logistic regression analysis for the outcome
of mortality.

Univariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Model 1 Model 2 Model 3 Model 4

n = 422 n = 422 n = 422 n = 422

Variables
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value

Age per 10 1.61 ** (1.38–1.88)
p < 0.001

1.64 ** (1.38–1.94)
p < 0.001

1.67 ** (1.37–2.05)
p < 0.001

1.72 ** (1.40–2.12)
p < 0.001

1.81 ** (1.44–2.27)
p < 0.001

Male 0.87 (0.54–1.41)
p = 0.568

1.35 (0.73–2.49)
p = 0.333

1.47 (0.75–2.85)
p = 0.261

1.70 (0.86–3.39)
p = 0.130

2.08 (0.92–4.70)
p = 0.079

BMI 1.02 (1.00–1.05)
p = 0.100

1.05 ** (1.02–1.08)
p = 0.003

1.05 ** (1.02–1.09)
p = 0.002

1.05 ** (1.02–1.09)
p = 0.003

1.04 (1.00–1.09)
p = 0.074

COVID-19
10.05 **

(5.15–19.59)
p < 0.001

10.08 **
(4.91–20.70)

p < 0.001

10.31 **
(5.12–20.76)

p < 0.001

10.26 **
(4.91–21.40)

p < 0.001

8.56 **
(3.23–22.74)

p < 0.001

Type 1 Diabetes 0.32 ** (0.16–0.67)
p = 0.002

0.67 (0.28–1.62)
p = 0.379

0.63 (0.25–1.56)
p = 0.317

0.66 (0.23–1.90)
p = 0.440

Hypertension 0.83 (0.47–1.46)
p = 0.513

0.50 (0.24–1.05)
p = 0.066

0.62 (0.29–1.32)
p = 0.216

0.57 (0.24–1.32)
p = 0.188

Hyperlipidemia 2.22 * (1.15–4.30)
p = 0.018

3.13 * (1.13–8.66)
p = 0.028

3.84 **
(1.44–10.28)

p = 0.007

6.91 **
(2.49–19.22)

p < 0.001

Asthma 0.65 (0.14–3.01)
p = 0.585

1.06 (0.35–3.25)
p = 0.914

1.04 (0.29–3.73)
p = 0.955

0.43 (0.11–1.76)
p = 0.241

CAD 0.91 (0.10–8.25)
p = 0.932

0.25 (0.01–7.41)
p = 0.422

0.18 (0.01–6.28)
p = 0.343

0.17 (0.01–3.43)
p = 0.246

Heart Failure 0.51 (0.11–2.28)
p = 0.378

0.20 (0.01–2.91)
p = 0.241

0.18 (0.01–3.64)
p = 0.261

0.58 (0.05–6.33)
p = 0.655

ESRD 1.04 (0.33–3.25)
p = 0.945

2.54 (0.22–29.04)
p = 0.455

2.98 (0.19–46.75)
p = 0.437

5.62 (0.76–41.46)
p = 0.090

CKD 0.74 (0.28–2.01)
p = 0.559

0.58 (0.12–2.92)
p = 0.513

0.60 (0.10–3.84)
p = 0.594

0.46 (0.04–4.67)
p = 0.509

Biguanides 0.87 (0.42–1.82)
p = 0.718

1.00 (0.42–2.41)
p = 0.999

1.35 (0.53–3.43)
p = 0.532
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Table 7. Cont.

Univariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Multivariate
Analysis

Model 1 Model 2 Model 3 Model 4

n = 422 n = 422 n = 422 n = 422

Variables
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value
OR (95% CI),

p-Value

DPP4 inhibitors 0.78 (0.43–1.42)
p = 0.421

0.50 (0.22–1.12)
p = 0.094

0.52 (0.21–1.27)
p = 0.153

GLP-1 agonists 1.83 (0.16–20.44)
p = 0.624

1.54 (0.26–9.04)
p = 0.634

0.78 (0.13–4.53)
p = 0.780

Insulin 0.67 (0.41–1.09)
p = 0.109

0.89 (0.48–1.67)
p = 0.721

1.05 (0.52–2.12)
p = 0.893

ACE inhibitors 0.52 * (0.29–0.91)
p = 0.022

0.51 (0.23–1.10)
p = 0.085

0.46 (0.19–1.14)
p = 0.093

Sulfonylureas 1.47 (0.28–7.69)
p = 0.652

2.01 (0.42–9.66)
p = 0.384

3.38 (0.46–24.84)
p = 0.232

Statins 1.10 (0.69–1.75)
p = 0.699

0.89 (0.48–1.63)
p = 0.706

0.91 (0.44–1.89)
p = 0.808

Heparin 1.78 * (1.08–2.94)
p = 0.024

1.66 (0.79–3.46)
p = 0.178

Enoxaparin 1.51 (0.93–2.44)
p = 0.094

0.96 (0.40–2.32)
p = 0.929

Apixaban 1.84 (0.86–3.94)
p = 0.116

0.35 (0.11–1.16)
p = 0.086

Steroids
10.44 **

(6.12–17.82)
p < 0.001

9.15 **
(4.25–19.73)

p < 0.001

Tocilizumab
7.16 **

(2.33–21.96)
p = 0.001

2.39 (0.36–15.97)
p = 0.370

Remdesivir 3.70 (0.51–26.67)
p = 0.195

1.54 (0.13–18.66)
p = 0.735

Convalescent Plasma
4.51 **

(1.48–13.80)
p = 0.008

0.16 * (0.03–0.89)
p = 0.037

Cefepime
5.87 **

(3.29–10.48)
p < 0.001

2.85 ** (1.40–5.79)
p = 0.004

Notes: Table 7 shows univariate analysis and four multivariate models with different definitions of our variable of
interest. Model 1 includes the variables: age, sex, BMI, and COVID-19. Model 2 includes the variables: age, sex,
BMI, COVID-19, and comorbidities including a history of diabetes, hypertension, hyperlipidemia, pulmonary
hypertension, chronic obstructive pulmonary diseases, asthma, coronary artery disease, heart failure, stroke/TIA,
end-stage renal disease, and chronic kidney disease. Model 3 includes the variables: age, sex, BMI, COVID-19
comorbidities including a history of diabetes, hypertension, hyperlipidemia, pulmonary hypertension, chronic
obstructive pulmonary diseases, asthma, coronary artery disease, heart failure, stroke/TIA, end-stage renal disease,
and chronic kidney disease, and antidiabetic medication classes including biguanides, DPP4 inhibitors, SGLT-2
inhibitors, GLP-1 agonists, insulin, ACE inhibitors, sulfonylureas, and statins. Model 4 includes the variables: age,
sex, BMI, COVID-19, comorbidities including a history of diabetes, hypertension, hyperlipidemia, pulmonary
hypertension, chronic obstructive pulmonary diseases, asthma, coronary artery disease, heart failure, stroke/TIA,
end-stage renal disease, and chronic kidney disease, antidiabetic medication classes including biguanides, DPP4
inhibitors, SGLT-2 inhibitors, GLP-1 agonists, insulin, ACE inhibitors, sulfonylureas, and statins, and all the
medications used during inpatient status: heparin, enoxaparin, apixaban, steroids, tocilizumab, remdesivir,
convalescent plasma, and cefepime. ** p < 0.01, * p < 0.05.
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Abbreviations and symbols: n = number; BMI in kg/m2; DM = Diabetes Melli-
tus; DKA = Diabetic Ketoacidosis; COPD = Chronic Obstructive Pulmonary Disease;
CAD = coronary artery disease; TIA = Transient Ischemic Attack; ESRD = End-Stage Renal
Disease; DPP 4 = Dipeptidyl Peptidase 4; GLP 1 = Glucagon-like peptide 1; SGLT 2 =
Sodium Glucose Transporter 2; ACE = Angiotensin-Converting Enzyme

4. Discussion

Diabetic ketoacidosis is a severe metabolic complication attributable to severe insulin
deficiency. From previous studies, it is well established that COVID-19 is associated with
ketosis, ketoacidosis, and diabetic ketoacidosis [16]. Our study investigated the association
of DKA with in-hospital outcomes among patients admitted with COVID-19 in the largest
public health care system of the United States. The key findings of our descriptive analysis
showed that the mortality rate was seven times higher in patients with DKA and COVID-19
compared to the DKA control group, i.e., patients without COVID-19. The likelihood of
death in patients with DKA and COVID-19 was found to be significantly higher compared
to patients with DKA and without COVID-19.

Khan et al. reported a cohort of 14,900 patients across the eleven hospitals of New York
City Health + Hospitals, which showed that the mortality rate in DKA/COVID-19 patients
was almost 50% [17]. To further elucidate these findings, we adjusted for common condi-
tions and treatments that could influence mortality. Our analysis found that diabetes was
associated with a two-times-higher likelihood of death among patients with COVID-19 after
adjustment for variables such as common co-morbidities, DKA, and anti-hyperglycemic
medications. This is similar to the meta-analysis by Kumar et al. (33 studies, 16,003 pa-
tients) which demonstrated that diabetes in patients with COVID-19 was associated with a
two-fold increase in mortality as compared to patients without diabetes [18]. This is in line
with our previous meta-analysis of 18,506 patients that also showed a higher mortality in
patients with diabetes and COVID-19 as compared to those without diabetes [19]. In our
analysis, COVID-19 was associated with a four-times-higher likelihood for death in the
matched cohort (COVID-19/control), which became ten-fold in the DKA group. Hyperos-
molar hyperglycemic syndrome (HHS) and DKA can be precipitated in patients with new
onset DM or with previously adequate glycemic control [20]. Some case reports described
that patients with both HHS and DKA who required mechanical ventilation had a poor
prognosis with 100% mortality [21]. However, the effects of long-COVID on the rates of
mortality in DKA are unknown. Several plausible mechanisms have been suggested in
the development of SARS-CoV-2-mediated acute diabetes and diabetic ketoacidosis. This
includes damage to the pancreatic β-cell, which could either be direct, by the binding
of SARS-CoV-2 to angiotensin-converting enzyme 2 (ACE2) receptors on the pancreatic
islets, immune-mediated from alterations in the self-antigens, or by β-cell death resulting
from the release of inflammatory markers such as tumor-necrosis factor-α (TNFα) and
interferon-γ by a SARS-CoV/SARS-CoV-2-infected exocrine pancreas [22–24]. Damage
to the pancreatic β-cell in the setting of relative (Type 2 DM) or absolute (Type 1 DM)
insulin deficiency can lead to an imbalance in the insulin:glucagon ratio. This imbalance
causes an increase in glucose synthesis, reduced glucose utilization, and excessive lipol-
ysis, leading to hyperglycemic ketoacidosis [25,26]. The production of interferon (IFN)
gamma can lead to resistance to insulin on muscles, leading to hyperinsulinemia in order
to maintain a euglycemic state. However, patients with a reduced production of insulin
or an increased resistance to insulin might fail this compensatory mechanism if they are
affected by COVID-19 [27].

Diabetes in COVID-19 can lead to severe disease and increase the overall mortality.
Some of the possible explanations for this include: (a) compromised innate immunity,
which is the first line of defense against COVID-19. Uncontrolled diabetes leads to reduced
innate immunity, which gives rise to the unhindered proliferation of the virus [28,29].
(b) Exaggerated cytokine storm response: even in the absence of immune stimulation,
diabetes is associated with a pro-inflammatory state characterized by increased levels of
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interleukin (IL)-1, IL-6, tumor-necrosis factor (TNF)-α, and ferritin. This cytokine response
is exaggerated when there is an appropriate stimulus such as COVID-19 viral infection
leading to acute respiratory distress syndrome (ARDS) and rapid deterioration [30–32].
(c) Increased oxidative stress: ACE2 is a membrane glycoprotein expressed in the lungs,
kidneys, intestine, and blood vessels. It is known to break down angiotensin II and
angiotensin I to smaller peptides such as angiotensin (Ang) (1–7) and angiotensin (1–9),
respectively. ACE2/Ang (1–7) plays a crucial role as anti-inflammatory mechanism and
antioxidant protecting lungs against ARDS. ACE2 is under-expressed in diabetes patients,
possibly due to glycosylation, which explains the increased susceptibility to severe lung
injury and ARDS in COVID-19 patients [33,34]. However, even the over-expression of
ACE2 would be detrimental, as SARS-CoV-2 utilizes ACE2 as a receptor for entry into
the host pneumocytes [35]. It is also interesting to note that there have been a few cases
of patients presenting with DKA after being vaccinated against COVID-19 [36,37]. These
authors have attributed DKA after vaccination to poor oral intake or the inability to titrate
insulin requirements, especially in patients with T1DM combined with the vaccine-induced
enhancement of a robust systemic immune-inflammatory response [36,38].

To our knowledge, this study is the largest to date assessing the impact of DKA on
the in-hospital outcomes of patients with COVID-19 of different sexes, age groups, and
racial/ethnic backgrounds. We should acknowledge that our study has several limitations.
First, this was a retrospective cohort involving electronic medical records; hence, there are
risks related to observational bias and unmeasured confounding. Second, our cohort is
unique in that it is enriched with immigrant populations, Medicaid-Medicare recipients,
and the uninsured, which may have unique unidentified confounding factors; therefore,
our findings cannot be easily generalized to patient populations with other characteristics.

5. Conclusions

In summary, our study of a large cohort of hospitalized patients with COVID-19 in a
public healthcare system showed that DKA and diabetes were associated with increased
in-hospital death after adjusting for DKA/diabetes-related potentially confounding fac-
tors. This demonstrates that the presence of DKA is associated with worse outcomes of
coronavirus infection. We propose that the enhanced prevention of COVID-19 infection in
persons with diabetes by known preventive measures such as masks, social distancing, and
vaccination—and, more importantly, the enhanced monitoring of COVID-19 patients with
DKA/diabetes during their hospitalization—may help reduce mortality.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diabetology3030036/s1, Graphs concerning the quality of the
matching technique used: Figure S1. Extent of covariate imbalance in terms of standardized percent-
age differences before and after matching. Figure S2. Propensity scores, subject-specific probability
of mortality (A) before matching and (B) after matching. Statistics: Table S1. Correlation matrix
of disorders. Table S2. Correlation matrix of disorders in the DKA cohort. Regression analysis for
the outcome of intubation: Table S3. Baseline patient characteristics: univariate and multivariate
logistic regression analysis for the outcome of intubation. Table S4. COVID-19 cohort: univariate
and multivariate logistic regression analysis for the outcome of intubation. Table S5. DKA cohort:
univariate and multivariate logistic regression analysis for the outcome of intubation. Regression
analysis for the outcome of ICU admission: Table S6. Baseline patient characteristics: univariate
and multivariate logistic regression analysis for the outcome of ICU admission. Table S7. COVID-19
cohort: univariate and multivariate logistic regression analysis for the outcome of ICU admission.
Table S8. DKA cohort: univariate and multivariate logistic regression analysis for the outcome of ICU
admission. Regression analysis for the outcome of Renal Replacement Therapy: Table S9. Baseline
patient characteristics: univariate and multivariate logistic regression analysis for the outcome of
Renal Replacement Therapy. Table S10. COVID-19 cohort: univariate and multivariate logistic regres-
sion analysis for the outcome of Renal Replacement Therapy. Table S11. DKA cohort: univariate and
multivariate logistic regression analysis for the outcome of Renal Replacement Therapy.
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Abstract: Obstructive sleep apnoea (OSA) and type 2 DM mellitus (T2DM) share obesity as a major
risk factor. Furthermore, these conditions share overlapping mechanisms including inflammation,
activation of the autonomic nervous system, and hypoxia-linked endocrinopathy. Hence, the patho-
genesis of the two conditions may be more closely related than previously recognised. This raises the
question of whether treatment of OSA might assist resolution of obesity and/or T2DM. Here, we
present a narrative review of the literature to identify clinical and scientific data on the relationship
between obstructive sleep apnoea and T2DM control. We found there is a paucity of adequately
powered well-controlled clinical trials to directly test for a causal association. While routine screening
of all T2DM patients with polysomnography cannot currently be justified, given the high prevalence
of sleep disordered breathing in the overweight/obese population, all T2DM patients should at a
minimum have a clinical assessment of potential obstructive sleep apnoea risk as part of their routine
clinical care. In particular, screening questionnaires can be used to identify T2DM subjects at higher
risk of OSA for consideration of formal polysomnography studies. Due to morbid obesity being a
common feature in both T2DM and OSA, polysomnography should be considered as a screening tool
in such high-risk individuals.

Keywords: obstructive sleep apnoea; DM; obesity; inflammation; polysomnography

1. Introduction

An overlap in morphological and metabolic features in patients with obstructive
sleep apnoea (OSA) and type 2 DM mellitus (T2DM) has been recognised and described
since 1993 [1–3], with most patients with T2DM being overweight or obese with excessive
visceral fat, features commonly seen in OSA. T2DM is characterised by insulin resistance
with relative insulin deficiency and accounts for 90–95% of the total DM population [4]. It
is a chronic progressive condition associated with both microvascular and macrovascular
complications resulting in high morbidity and mortality. The global incidence of DM has
been rising rapidly in parallel with the increasing prevalence of obesity. Recent studies
have shown DM to affect 537 million people (https://DMatlas.org/ accessed 14 July 2022).
A recent study showed that the prevalence of overweight and obese children combined
between 1980 and 2013 rose by 47.1%, with the total number of overweight and obese
children and adults increasing from 857 million in 1980 to 2.1 billion globally in 2013 [5].

OSA is a multi-system disorder, affecting cardiovascular and neuro-endocrine systems
and lipid metabolism. OSA affects between 20 and 25% of adult men in some populations
and its incidence rises with obesity [6], a concerning fact given that over 37% of the world
population is currently classed as obese (BMI > 30 kg/m2) [5]. OSA is characterised by
repetitive episodes of hypoxia and hyper-oxygenation with sleep fragmentation. Various
mechanisms contribute to the sequelae of OSA including fragmented sleep and loss of
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sleep, activation of the sympathetic nervous system, recurrent intermittent hypoxia, en-
dothelial dysfunction, systemic inflammation, and hormonal imbalance. The prevalence
of OSA (defined as Apnoea–Hypopnea Index(AHI) > 5/hr) is influenced by gender and
age, with males and postmenopausal women at highest risk. Evidence of an association
between T2DM and OSA is mounting, raising questions as to whether there might be a
causal relationship in either direction. A clearer understanding of the pathophysiological
pathways and interrelationships between T2DM and OSA may help target common mech-
anisms and improve outcomes in these patients. In this review, we summarise evidence
for possible causal associations between OSA and T2DM and address several practical
questions, namely, does treatment of OSA improve diabetic control, does improved DM
control improve OSA and should all patients with T2DM be routinely screened for OSA?

2. Potential Pathophysiological Links between T2DM and OSA

2.1. Inflammation

A model for the common origins of OSA and T2DM is presented in Figure 1. Increased
inflammatory markers are seen in both T2DM and OSA, thereby suggesting that low-
grade inflammation may be a possible link between the two conditions. Patients with
T2DM have increased inflammatory markers including serum levels of fibrinogen, C-
reactive protein (CRP), and IL-6 [7], with raised serum CRP and TNFα also reported in
OSA [8–11]. Inflammatory cytokines can impair glucose metabolism with TNFα, conferring
insulin resistance in animal studies via impairment of insulin receptor function [12,13].
TNFα also acts on adipocytes through transcription factors such as NF-kB and hypoxia-
inducible factor-1 [14]. The concept of oxidative stress characterised by an imbalance
between oxidant-producing systems and antioxidant defence mechanisms (redox balance),
resulting in excessive formation of reactive oxygen species (ROS), is well documented in
OSA [15]. Chronic repetitive hypoxic episodes increase the formation of ROS and cytokines,
suppressing insulin secretion and worsening insulin sensitivity [16–18]. ROS can contribute
to dysregulation of adipo-cytokines, thereby increasing insulin resistance. Moreover, some
cytokines have sleep regulatory properties with TNFα, IL-6, and IL-1 promoting NREM
sleep, whereas IL-1 antagonists inhibit NREM sleep [18,19]. Inflammation may lead to
increased production of advanced glycation end-products (AGE) from oxidation and
glycation of reducing sugars and amino acids [20]. High levels of AGEs have been detected
in both T2DM and non-diabetic patients with OSA [21]. These compounds may play a role
in diabetic vascular disease [22]. In non-diabetic patients with OSA, levels of AGEs were
significantly higher than those without OSA and positively correlated with an AHI ≥ 5/h,
while there was no relationship with measures of insulin sensitivity [23]. In 18 patients
in this cohort with moderate to severe OSA treated with CPAP, there was a significant
decrease in AGEs from 5.1 to 4.9 (p = 0.017) after 3 months of treatment. Nonetheless, the
role of AGEs in the pathophysiology of OSA and DM requires further study. Sleep deprived
obese patients with OSA were observed to have higher levels of pro-inflammatory markers
(IL-2, IL-4, IL-5, IL-6, IL-8, IL-13, and IFN-gamma) in OSA subjects compared to controls
without OSA [24].

2.2. Autonomic Nervous System

Increased sympathetic activity may lead to altered glucose metabolism in OSA. Sym-
pathetic activity increases muscle glycogen breakdown and hepatic gluconeogenesis. Acti-
vation of the sympathetic nervous system with catecholamine release may raise cholesterol,
triglycerides, and insulin and cause glucose intolerance and insulin resistance through
lipolysis [25,26]. Insulin resistance is aggravated by increased lipolysis and raised levels of
free fatty acids [27].

2.3. Endocrinopathy

Several hormones have been identified in the development of insulin resistance and
DM in OSA. In animal studies, leptin-deficient mice exposed to hypoxic environments
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were observed to develop elevated insulin levels and impaired glucose tolerance [28].
The same observation was replicated in non-obese mice exposed to intermittent hypoxia
(IH) under euglycemic environment with reduction in insulin sensitivity and reduced
muscle glucose uptake despite pharmacologic blockade of the sympathetic system [29,30].
A study of glucose-induced insulin secretion and gene expression showed that IH reduced
β-cell insulin secretion, potentially through downregulation of CD38 [31], with the ecto-
cyclase activity of CD38 to produce intracellular cyclic ADP-ribose being critical for insulin
secretion [32].

Figure 1. This figure depicts the many disordered pathways observed in OSA and DM and the
potential important links between them. Up and down arrows indicate increases or decreases in the
relevant condition/marker in either OSA (top grey panel) or DM (bottom grey panel) or both (pink
boxes linking the two grey panels).

Adipose tissue is not only an energy storage tissue but an active endocrine organ
secreting adipokines including leptin, adiponectin, and cytokines [14,33,34]. Leptin is
secreted by white adipocytes and acts as an appetite suppressant at the hypothalamic
level as well as acting peripherally through skeletal muscles and pancreatic B cells [35–37].
Levels of leptin in some studies correlate with the percentage of body fat and have been
observed to be higher in obese patients suggesting leptin resistance [38,39]. Leptin is not
only involved in regulation of insulin secretion and glucose metabolism but has a role in
the regulation of both the sympathetic system and inflammatory responses [18]. Leptin has
been implicated in ventilatory control. Hypercapnic obese and non-obese patients have
been found to have high levels of leptin, which improved with non-invasive ventilation,
particularly in patients with obesity hypoventilation syndrome [40–43]. High leptin levels
are associated with reduced ventilatory drive, regardless of the amount of body fat in
some studies [44]. Nocturnal awakening and arousals are associated with altered levels
of leptin, leptin resistance, pulsatile cortisol release, and autonomic activation, which can
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lead to dysregulation of the hypothalamic–pituitary–adrenal axis and glucose impairment
fostering the development of T2DM [45]. Leptin was also found to be elevated in OSA
due to repeated episodes of hypoxia. Therefore, it remains unresolved as to whether
leptin elevation is a result of sleep disordered breathing or the cause of it. Reduced
circulating leptin levels were detected after treatment with CPAP, particularly in non-obese
patients [46–48]. However, some studies have found no relationship between leptin and
AHI after adjustments for obesity [49,50].

Adiponectin increases fatty acid metabolism and inhibits gluconeogenesis in the
liver [51]. Levels are reduced in insulin resistance, DM, and visceral obesity among other
conditions [52,53]. The relationship between adiponectin and OSA remains unresolved.
Levels of adiponectin are significantly reduced in OSA patients compared to simple snorers,
but other studies have reported no difference [54,55]. CPAP therapy reduced adiponectin
levels after only two days of treatment in one study, whereas in a randomised trial, no
change was observed between subjects treated with CPAP and sham CPAP after 3 months
of treatment [56,57]. Compliance with CPAP was a compounding effect in previous studies
on the effect of CPAP on hormonal changes.

Glucagon-like peptide (GLP)-1 receptor agonist therapy is highly effective for weight
loss and glycaemic control in T2DM and has similarly been shown to have positive bene-
fits for OSA [58,59]. Severe OSA has been shown to be associated with a lower GLP-1 re-
sponse to glucose challenge, which could be yet another mechanism by which OSA affects
glucose metabolism.

2.4. Pancreatic Effects of Chronic Intermittent Hypoxia

Examination of a possible association between DM and OSA cannot avoid addressing
the role of the pancreas. Pancreatic endocrine dysfunction is central to the pathophysiology
of DM, as while insulin resistance drives type 2 DM, it only when the pancreas no longer
keep up with the demand for more insulin that hyperglycaemia eventuates. In studies of
pancreatic β-cell function in rodents exposed to intermittent hypoxia (IH), impaired insulin
synthesis was demonstrated, speculated to be due to reduced activity of the enzyme that
converts pro-insulin to active insulin. β-cell apoptosis results from exposure to IH [60].
Sherwani et al. noted IH exposed mice had significantly higher plasma levels of glucose
associated with lower insulin levels compared to animals exposed to intermittent air. IH
resulted in reduced insulin release in addition to decreased islet cell viability thought to
be mediated by increased release of long chain fatty acids such as palmitic and stearic
acid [61]. Polak et al., showed in mice that even after discontinuation of IH, the impaired
glucose metabolism persisted to varying degrees [62]. Reactive oxygen species (ROS) from
mitochondria have also been implicated in the endocrinopathy with resultant β-cell injury
following exposure to IH. This effect is mediated via downregulation of insulin secretion
promoting genes such as CD38 [31,32].

3. Sleep Loss and Fragmentation

Sleep deprivation and short sleep are risk factors for impaired glucose metabolism
and adverse cardiovascular events. Sleep fragmentation and reduced total sleep time in
the absence of significant OSA independently increase the risk of T2DM [63]. Cappuccio
et al. in 2010 in a systematic review and meta-analysis of over 100,000 patients assessed
the relationship between sleep habits and incidence of DM. Quantity and quality of sleep
predicted the risk of development of DM with sleep maintenance insomnia conferring the
highest risk (RR was 1.84; 1.39–2.43, p < 0.0001) [64]. Xu et al. reported on the effect of day
napping or short night sleeping and concluded that both conditions were associated with
an increased risk of DM [65]. Sleep fragmentation results in reduced proportion of slow
wave sleep and increased sympathetic activity, both of which may adversely affect glucose
metabolism. Selective suppression of slow wave sleep in healthy adults has been reported
to reduce insulin sensitivity [66,67]. Two laboratory-based studies examined these concepts.
One compared 4 and 12 h sleep and noted that the rate of clearance of glucose post-challenge
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was slower in the sleep restricted group, suggesting reduced sensitivity to insulin. The second
crossover study compared 4 and 10 h in bed and demonstrated higher morning glucose
levels in the sleep-deprived patients [68]. In an animal study, Gharib et al. observed that
mice exposed to sleep fragmentation developed insulin resistance and impaired glucose
metabolism through up-regulation of transcription factors and other pathways [69]. A study
by Fendri et al. examined the overnight glucose profiles of patients with diagnosed T2DM
who were being investigated for symptomatic sleep disordered breathing. All the patients had
continuous glucose monitoring during polysomnography [70]. The mean nocturnal glucose
level was 31% higher in the sleep apnoea patients (p = 0.05) and more marked during REM
(38% greater, p = 0.008) compared to the non-sleep apnoea patients. In a study examining
the effect of sleep duration on the risk of DM and preDM, excluding patients with high-risk
features for OSA, Chao et al. found that both short and long sleepers (<6 h, ≥8.5 h) had higher
risk of newly diagnosed DM with OR 1.55 (CI 1.07–2.24) and 2.83 (1.19–6.73), respectively [71].
No effect was observed with the pre-DM state. Similarly, insufficient and excessive sleep
among obese adolescents was associated with acute and chronic glucose intolerance [72]. In
a cohort of 96 obese sleep-deprived adolescents, 58 had sleep apnoea (RDI > 5/h, portable
overnight polysomnography) and 42% had abnormal glucose metabolism based on abnormal
HOMA, fasting glucose levels, and OGTT; higher fasting levels of glucose were observed with
higher severity of OSA, suggesting an interplay between disordered sleep, inflammation, and
abnormal glucose metabolism.

4. Population Studies of Relationship between OSA and T2DM

Although many studies have established a causal link between obesity and T2DM, as
well as between obesity and OSA, no clear association has been demonstrated between T2DM
and OSA. The latter association has been implied by indirect observation studies, and there
is still a significant knowledge gap in this area. A large-scale multi-ethnic study of adults
demonstrated abnormal fasting glucose and T2DM was strongly associated with moderate–
severe OSA [73]. Studies suggest 30% of all patients with OSA have T2DM and 86% of obese
OSA patients have T2DM [74,75]. In the Sleep Health Heart Study, fasting and 2 h glucose
levels were significantly higher in the moderate–severe OSA patients than those with no
sleep-disordered breathing [75]. In the same study, nocturnal hypoxemia was independently
associated with markers of impaired glucose metabolism [76]. Seicean et al. in their study
of 2588 subjects with sleep-disordered breathing (RDI ≥ 10, unattended polysomnography)
found that OSA was associated with T2DM and impaired glucose tolerance with an adjusted
odds ratio of 1.4 (1.1–2.7) for impaired fasting glucose and impaired glucose tolerance and
1.7 (1.1–2.7) for occult DM [77]. The Wisconsin Sleep Cohort Study OSA (AHI ≥ 15) reported
similar results with a higher risk for T2DM after adjusting for age, sex, and waist girth [78].
Marshall et al. reported on a smaller population of 399 patients in Western Australia of whom
10 had moderate–severe OSA (RDI ≥15) and 2 (20%) had incident T2DM at 4 years [79].
A small prospective case–control study compared markers of glucose intolerance following
a glucose load between young men with OSA to matched controls and found that OSA
was associated with lower insulin sensitivity and higher total insulin secretion to maintain
normoglycemia [80]. Bulcun et al., in a study of 112 patients with OSA and 12 snorers, found
that glucose disorders were much higher in OSA patients than snorers (50.8% versus 15.7%;
p = 0.055), and in addition observed significant positive correlations between insulin resistance
and both AHI (p = 0.005) and arousal index (p = 0.01) [81]. In 137 patients with diagnosed
T2DM and preDM with extreme obesity (BMI > 40 kg/m2), the ORs for associated OSA
were 3.18 (95% CI; 1.00, 10.07) and 4.17 (CI; 1.09, 15.88), respectively, after adjustment for age,
obesity, and insulin levels [82]. The European Sleep Apnoea Cohort Study demonstrated that
for all levels of obesity, the presence of OSA increased the risk of T2DM and was associated
with worse glycaemic control [83]. Moreover, a metanalysis of 25 studies covering 154,948 OSA
patients showed an association between OSA and increased risk of impaired fasting glucose
and T2DM development [84].
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The Sleep AHEAD study showed that baseline apnoea–hypopnea index (AHI) and
weight loss were the most important predictors of AHI change [85]. Notably, weight loss by
diet or bariatric surgery has a positive effect both on OSA severity and diabetic control [86],
indicating the central role that excess body adiposity plays in the pathogenesis of both
conditions. Additional prospective studies are needed to better characterise the mechanistic
relationship between T2DM and OSA.

5. Effect of CPAP on T2DM

CPAP treatment has been associated with improvement in insulin sensitivity, although
clinical trials have revealed conflicting results. In general, most trials have been uncon-
trolled and un-blinded studies examining the effect of treatment of OSA with CPAP on
markers of glucose metabolism. Various studies have identified improvement with use of
CPAP in post-prandial glucose levels [87], hyperinsulinemic euglycemic clamp HBA1c, and
mean sleep glucose levels [87–90]. However, outcomes from other studies on the effect of
CPAP therapy on long-term glucose control in T2DM with OSA have not shown consistent
benefit [57,91]. In eight randomised controlled trials (five with non-DM and three with
DM), no significant difference was observed with CPAP on fasting glucose or HbA1c [92].
However, a retrospective analysis of patients with DM and OSA treated with CPAP showed
a significant improvement in HbA1c after 5 years when compared with matched controls
not receiving CPAP [93]. Moreover, a recent meta-analysis of seven trials of patients with
DM and OSA treated with CPAP suggested improvement in glycaemic control and insulin
resistance [94]. Nonetheless, there was considerable heterogeneity in the response to CPAP
in these trials being considered.

The potential reasons for the disparity of these results are complex. The outcomes of
CPAP therapy on OSA will depend on the effectiveness of treatment and compliance with
therapy. Importantly, even with effective CPAP therapy, there may not be normalisation of
all physiological parameters. Satisfactory compliance with CPAP is generally considered to
require at least 4 h of treatment per night, though this figure is arbitrary [95]. Even with
greater than 4 h use of CPAP per night, a significant number of patients still complain of
daytime tiredness [96].

Nonetheless effective use of CPAP may improve some parameters. Steiropoulos et al.
noted that only those subjects utilising CPAP for more than 4 h per night showed a decrease
in HbA1c [97]. In the study by West et al., which did not demonstrate an effect on HbA1c,
average compliance was only 3.6 h on 75% of nights per night [57]. In a study by Oktay
et al., no effect of CPAP was observed on fasting blood glucose, although no measures of
compliance were monitored [91]. The type of CPAP therapy does not appear to influence the
outcome. No demonstrable benefit was identified when auto-titrating CPAP was compared
to fixed pressure machines in treatment of sleep disordered breathing in diabetics [98]. In
a recent publication, nightly eight-hour CPAP for 2 weeks resulted in improved glucose
levels by 1276.9 mg/dL (p = 0.03) and improved insulin sensitivity compared to placebo in
prediabetic patients [99].

The severity of OSA in these studies has been similar, on the basis of the Respiratory
Disturbance index or AHI, although it should be recognised that these measures, which are
widely used to categorise OSA, describe the frequency of respiratory events, but not the
severity of such events. These are aggregate markers which include hypopneic and apnoeic
events terminated by arousal and also those leading to hypoxemia. More recently, it has been
recognised that there are different phenotypes of OSA, and it is not a uniform disorder [100]. It
is conceivable that those subjects with more frequent and severe hypoxic episodes may benefit
to a greater degree than those with milder degrees of respiratory disturbance or hypoxemia.
Some studies have suggested that OSA severity may be better defined by examining the
percent of time spent per night with oxygen saturations below 90%.

CVD is a leading cause of death in patients with T2DM or OSA. Multiple studies on
the effect of CPAP therapy on cardiovascular outcomes in general population and patients
with T2DM has been undertaken [101], with some ongoing controversies in the field. CPAP
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therapy has been shown to improve control of arrhythmias and blood pressure [102];
however, its effect on mortality rate was not established in SAVE RCT, which was attributed
to established comorbidities and poor long-term adherence to CPAP therapy [103]. Notably,
a recent study confirmed a dose–response relationship between positive airway pressure
therapy and major adverse CV events [104]. Further studies are still required to clarify the
relative contributions of hypoxemia and sleep fragmentation to disordered glucose control
and effect of OSA treatment on complications (hypertension, vascular disease, CKD).

6. Should All Patients with T2DM Be Screened for OSA?

Although obesity, T2DM, and OSA are interrelated, it must be remembered that lean
and young patients also can suffer from OSA attributed to cardiovascular autonomic neuropa-
thy [105], and some lean individuals may also exhibit insulin-resistant DM. Metabolic syndrome
has been observed in approximately one in three patients with OSA and BMI < 25 kg/m2 and
approximately two of every three lean non-obese patients with OSA had at least two markers of
the metabolic syndrome [106].

One way to separate out effect of DM from obesity with respect to the link to OSA is
to study sleep disturbances in those with type 1 DM (T1DM) where obesity is not normally
a causal factor, although it may still be present in some individuals with T1DM. A recent
review of T1DM and sleep highlights that sleep disorders with subsequent metabolic
disturbances occur with increased frequency in normal weight individuals with T1DM [107].
Notably, sleep disturbances in T1DM can result in secondary disturbances in glucose control
and neuroendocrine function including elevated night-time levels of growth hormone,
epinephrine, and ACTH [108]. Normal weight children with T1DM were shown to have a
higher apnoea index when compared to age- and weight-matched non-diabetic children,
with the higher apnoea index correlating with poorer glycaemic control [109]. A small study
in adults with T1DM found 40% to have OSA [110], and another study similarly showed
that daytime sleepiness and OSA was more common in those with T1D than non-diabetic
controls, with evidence that cardiovascular autonomic neuropathy was contributing to
this [105]. These T1DM studies, while preliminary, clearly support the existence of a link
between DM and sleep disorders independent of obesity.

Given that a uniform benefit of treatment of OSA in DM has not been demonstrated,
routine screening of the T2DM population with laboratory polysomnography currently
cannot be justified in all patients. Ambulatory polysomnography has increasingly replaced
laboratory-based polysomnography, and more simplified multiple channel recording de-
vises have been developed to investigate patients with high risk of OSA. Given the high
prevalence of sleep disordered breathing in this population, all patients should have an
assessment of their potential risk of OSA as part of their routine clinical care. Several
questionnaires have been developed for OSA screening. Widely used are the Berlin ques-
tionnaire (BQ), STOP-BANG questionnaire (SBQ), Epworth sleepiness scale (ESS), and
OSA-50 questionnaire (OSA50) [111–114]. Compared with the BQ, STOP, and ESS, the SBQ
is a more accurate tool for detecting mild, moderate, and severe OSA. In subjects with
suspected OSA, the SBQ, BQ, and OSA-50 questionnaires, combined with the ESS, can be
used to rule in, but not to rule out, clinically relevant OSA [115]. Combined use of the
STOP-BANG with different cut-off scores and the ESS facilitates a flexible balance between
sensitivity and specificity.

On the basis of current data, treatment of OSA cannot be assured to improve diabetic
control although it may be beneficial in some circumstances. These screening tools allow
for more effective targeting of investigations and cost-effective treatment in those with
T2DM identified with OSA to reduce daytime sleepiness and cardiovascular comorbidities
in patients with T2DM.

Much research is needed to better characterise the links between DM, obesity, metabolic
dysfunction, and sleep disorders. Many of the existing studies of these relationships are
based on relatively small numbers of subjects, raising the possibility of sampling and other
biases and confounders. Hence, it would be very useful to try and separate out these
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variables in large study populations to explore the relationship between discrete factors.
For example, studies of sleep patterns in the presence of hyperglycemia or euglycemia in
normal weight individuals would assist in determining whether hyperglycemia by itself has
a detrimental effect on sleep. Similarly, cardiovascular and sleep studies in normal weight
individuals with autonomic neuropathy would remove obesity as a confounder when
determining the relationship between autonomic neuropathy, OSA, and cardiovascular
disease. Finally, causal relationships would be best established by longitudinal intervention
studies where a variable such as glycaemic control or OSA is treated and then the impacts
of this treatment measured on the other variables.

7. Conclusions

T2DM and OSA are closely associated and share multiple common mechanisms,
including activation of the autonomic nervous system, the inflammatory cascade, and
hypoxia-linked endocrinopathy. Evidence is emerging that visceral fat accumulation
may be the important element in the development of these conditions. Differences in
measurement of fat excess may account for some of the discrepancies in various studies.
The role of race and ethnicity is important to maintain consistency as definitions of obesity
used in studies of the relationship between OSA and T2DM may differ in different parts
of the world. A further challenge is to find a way to control for the effects of variability of
CPAP use among patients in different studies. The long-term benefits of CPAP therapy on
diabetic control remain questionable. Ultimately, additional studies are needed to better
understand the mechanistic cellular and gene pathways underlying OSA and T2DM, which
may then allow the intersections between these diseases to be better understood, which
might then provide the opportunity to develop novel treatments able to address both
conditions at the same time.
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Abstract: Objective: The main aim of this study was to implement the Chronic Care Model (CCM) for
the self-management of type 2 diabetes in primary health care settings of rural areas of Pakistan and
identify its effectiveness and develop strategies for overcoming its challenges. The two core elements
of the Chronic Care Model: patient Self-Management Support (SMS) and Delivery System Design
(DSD), were implemented to improve the quality of life and risk behaviour of type 2 diabetes patients
in the middle-aged population of rural Pakistan. Methods: Thirty patients with type 2 diabetes and
20 healthcare professionals were included in this study consisting of 10 general practitioners and
10 nurses recruited from various clinics (medical centres) of Al-Rehman Hospital in Abbottabad,
Pakistan. The quantitative content analysis method was used to identify the frequency of the most
recurring statements. A t-test was performed to see the mean difference of HbA1c at baseline after 3-
months and 6-months follow-up between male and female patients with diabetes. The hypothesis was
tested to identify that diabetes self-management has a gendered dimension in rural areas of Pakistan.
Results: The quantitative analysis demonstrated that diabetes self-management has a gendered
dimension in the rural areas of Pakistan as the mean difference of HbA1c after a 6-month intervention
of the two components of the chronic care model between male and female patients of diabetes
was 0.83 (p = 0.039) with 95% CI (−0.05; −1.61). The mean difference in BMI after the intervention
of 6 months between males and females was significant (p < 0.05). The mean difference was 4.97
kg/m2, p = 0.040 with 95% CI (−0.24; −9.69). The results have shown that the two components
of CCM were effective and improved clinical outcomes for diabetes patients of the rural areas of
Pakistan. Conclusions: The application of the two Chronic Care Model’s components provided a
viable structure for diabetes self-management education and assistance. As a result, developing
systems that incorporate long-term diabetes self-management education has an effect on the health
care system’s outcomes.

Keywords: Chronic Care Model; self-management of type 2 diabetes; chronic disease; healthcare
system of Pakistan; patients’ quality of life

1. Introduction

Diabetes is one of the most prevalent metabolic illnesses worldwide, resulting in a
high rate of morbidity and mortality in Pakistan (WHO, 2003 [1]; Jafar et al., 2006 [2];
Akhtar et al., 2019 [3]). According to data, Pakistan is one of the top ten countries in the
world for people with diabetes aged 20 to 79 years (Whiting et al., 2011 [4]). As a result,
type 2 diabetes mellitus is a serious health concern in Pakistan. Adnan and Aasim (2020 [5])
conducted a pooled analysis (meta-analysis) of the prevalence of Type 2 diabetes in the
adult population of Pakistan and reported a higher pool estimate of diabetes in males than
in females (13.1% vs. 12.4%).
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The Chronic Care Model (CCM) was created with the primary objective of enhancing
the healthcare system and facilitating individual and population health interventions.
The Chronic Care Model’s applications helped to emphasize patient-centred care and
an interdisciplinary approach (AGDHA, 2006 [6]; Anderson et al., 1986 [7]). This study
discusses the CCM, providing evidence of its efficacy and describing in detail the two key
elements of the model that are used to address self-management of type 2 diabetes in the
middle-aged population of the rural areas of Pakistan.

The knowledge and skills in diabetes self-management are critical to effective diabetes
management and self-care (Burke et al., 2014 [8]). The Chronic Care Models emphasize
patient-centred care, patient empowerment, and support for self-management. There is
evidence that therapies based on these principles enhance health status in chronic disorders
(Bojadzievski and Gabbay, 2011 [9]; Stellefson et al., 2013 [10]).

Diabetes educators and healthcare professionals employ evidence-based healthcare
delivery models such as the Chronic Care Model to improve outcomes for persons with dia-
betes. It was revealed from the literature reviews that out of 12 studies, six studies showed
evidence of the effectiveness of the CCM for type 2 diabetes self-management in primary
care settings as well as significant improvements in clinical outcomes (Piatt et al., 2006 [11];
Hiss et al., 2007 [12]; Piatt et al., 2010 [13]; Carter et al., 2011 [14]; Foy et al., 2011 [15];
Lee et al., 2011 [16]).

This study examines two critical components of the Chronic Care Model: patient
self-management support (SMS) and delivery system design (DSD) for middle-aged pa-
tients with type 2 diabetes in rural Pakistan. It evaluates the effectiveness of these CCM
components in improving patients’ diabetes self-management approach, quality of life, risk
behaviour, knowledge and awareness of diabetes and its complications, and treatment ad-
herence.

The International Diabetes Federation estimates that 463 million people had diabetes
in 2019 and 700 million by 2040. Thus, diabetes mellitus is clearly one of the most rapidly
evolving health concerns of the twenty-first century. Type 2 diabetes accounts for approxi-
mately 90% of all diabetes cases worldwide. Type 2 diabetes is anticipated to cost the global
economy USD 760 billion in 2019 and USD 845 billion by 2045 [17] (IDF, 2019).

The incidence rate of diabetes in Pakistan is expected to increase to 15% (13.8 million
people) by 2030. (WHO, 2003 [1], WHO, 2014 [18]). As a result, Pakistan is rated seventh in
terms of diabetes prevalence (Jafar et al., 2006 [2]). This increases the risk of developing type
2 diabetes in the community (Jafar et al., 2005 [2]; Ansari, 2009 [19]; Whiting et al., 2011 [4]).

The CCM is the most often utilized care model (Wagner, 1996 [20]). The model is
composed of six components (Figure 1): delivery system design (DSD), self-management
support (SMS), decision support, clinical information systems (all implemented at the
practice level), and at the community level, there are two components such as community
resources and health care organizations (Bodenheimer et al., 2002 [21]; Wagner, 1996 [20]).

The two important components of CCM were studied in this article and applied to pri-
mary health care to see how effective the two elements of the CCM, patient
“Self-Management Support” (SMS) and “Delivery System Design” (DSD), were in im-
proving the quality of life and risk behaviour of Type 2 diabetes patients.

The literature review revealed that attempts had been made to examine the efficacy
of the CCM on chronic illness outcomes and the extent to which the CCM’s components
have benefited primary health care (Bodenheimer et al., 2002 [22]; Tsai et al., 2005 [23]). The
findings indicated that including one or more CCM elements resulted in improved patient
or process outcomes for a number of chronic conditions (Wagner et al., 1996 [20]). Diabetes
(lower HbA1c levels), heart failure, asthma, and depression all had the strongest evidence
(Tsai et al., 2005 [23]).
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Figure 1. The Wagner Chronic Care Model with its elements: Source: Wagner et al. (1996) [20].

A study was conducted by Zwar et al. (2006) [24] aimed at examining the efficacy of
the components of CCM on chronic illness outcomes and the extent to which the CCMs
components have benefited primary healthcare. The usefulness of the four elements of
CCM was identified by Zwar et al. (2006) [24] following the results of 23 systematic reviews.

In addition, there were six reviews on type 2 diabetes (Deakin et al., 2005 [25]; Norris
et al., 2001 [26]; Norris et al., 2002 [27]; Fass et al., 1997 [28]; Loveman et al., 2003 [29]; Van
Dam et al., 2003 [30]), two reviews on asthma (Powell and Gibson, 2002 [31]; Toelle and
Ram, 2004 [32]), one on chronic obstructive pulmonary disease (Turnock et al., 2005 [33]),
one on hypertension (Boulware et al., 2001 [34]) and one on arthritis (Stellefson et al.,
2013 [10]).

It has been reported that out of six reviews on diabetes, only four reviews showed
that patients with diabetes were in a position to understand the importance of diabetes
self-management (Deakin et al., 2005 [25]; Norris et al., 2001 [26]; Norris et al., 2002 [27];
Loveman et al., 2003 [29]). The other two reviews established a link between increased
knowledge and improved patient outcomes for diabetes group training (Deakin et al.,
2005 [25]) and for self-management education in community meeting places (Norris et al.,
2002 [27]).

2. Application of Chronic Care Model in Pakistan

In Pakistan, there is no teamwork approach to self-management support, and delivery
system design does not have an adequate structure (Rafique and Shaikh, 2000 [35]) as
recommended by the American Diabetes Association (ADA, 2016 [36]). There is no evidence
in Pakistan for implementing the Chronic Care Model in the primary health care system
besides the fact that diabetes is the main priority in the country (Hakeem and Fawwad,
2010 [37]; Ansari et al., 2016 [38]).

2.1. Self-Management Support (SMS)

The Chronic Care Model’s self-management support component was included in this
study for diabetics in rural Pakistan. The research shows that self-management support
improves patient-level outcomes such as physiological disease markers, quality of life,
health status, and satisfaction (Zwar et al., 2016 [24]). Overall, patient self-management
support (SMS) was the most commonly used intervention, followed by clinician decision
support (Page et al., 2005 [39]) and delivery system design (Turnock et al., 2005 [33]).

These results support a previous analysis of the elements of the CCM by Tsai et al.
(2005) [23] and further analysis of patient and provider interventions by Weingarten et al.
(2002) [40]. The effectiveness of the CCM for type 2 diabetes self-management in primary
care settings, as well as significant improvements in clinical outcomes, was also identified
by Baptista et al. (2016) [41] in their systematic review. The systematic review conducted
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by Reynolds et al. (2018) [42] confirmed that self-management support is the most frequent
Chronic Care Model intervention, and it is associated with statistically significant improve-
ment, predominantly for diabetes. Despite the benefits associated with self-management
of diabetes, most patients in the middle-aged population of Pakistan do not adhere to
self-management recommendations (IDF, 2014 [43]; Jafar et al., 2006 [2]).

Following the recommendations and barriers are both troublesome for lifestyle be-
haviours such as food habits and physical exercise, rather than modifying adherence (WHO,
2003 [1]; Narayan, 2005 [44]; Jafar et al., 2006 [2]; Ansari, 2009 [19]). This is evident in
the culture, history, and lifestyle behaviour of rural Pakistanis, whose dietary habits and
physical activity present significant challenges for the middle-aged population in managing
type 2 diabetes (Hasan et al., 2000 [45]; Rafique and Shaikh, 2000 [35]).

2.2. Delivery System Design (DSD)

Delivery system design (DSD) entails collaboration among diverse groups of health
professionals. Interventions that addressed delivery system design improved adherence to
guidelines, patient service utilization, and disease-related physiological measures (Zwar
et al., 2006 [24]). Numerous scholars have argued in favour of modifying the design of the
delivery system in order to improve patient health care services (Coleman et al., 1998 [46];
Norris et al., 2002 [27]; Rich et al., 1995 [47]; Shojania et al., 2006 [48]).

Among delivery models, case management has frequently been highlighted as an
effective strategy (Rich et al., 1995 [47]). Coleman et al. (1998) [46] asserted that case
management is successful at mitigating the negative consequences of lower resources. Case
management is positively associated with the improvement of patients’ healthcare services
(Norris et al., 2002 [27]).

3. Material and Methods

3.1. Study Design

The quantitative content analysis method was used to specifically identify the fre-
quency of the most frequent responses or statements. The findings of qualitative thematic
analysis based on the interviews and its analysis provided useful information for this study
to carry out the quantitative analysis (Ansari et al., 2021 [49]).

In the literature, there was no evidence of similar types of previous studies (qual-
itative or quantitative) with the same idea and sample composition exploring different
perspectives of diabetes patients and healthcare professionals as described in this study.
This is a retrospective study that uses the same database which was used in our previous
publication related to qualitative studies (Ansari et al., 2021 [49]). The study was approved
by the ethics committee of the University of New South Wales, Australia (ref: HC16882),
and by Ayub Medical Institutions, Abbottabad, Pakistan, from the office of the Chairman
Medical Ethics Committee. Moreover, written consent to participate in this study was
obtained from the participants using the UNSW participant information statement and
consent form.

3.2. Research Participants

Thirty people with type 2 diabetes were chosen from the total group of participants.
Male and female involvement was kept equal (50 percent each). The individuals’ mean
age was 52 years (range 40–65 years, SD = 6.83), and the mean time from diagnosis was
8.5 years (range 3–12 years, SD = 2.7). The HbA1c levels for both men and women patients
were 9.26 (range from 7 to 13 percent, SD = 1.80) in the hospital’s medical records. The BMI
was 28 kg/m2 (range: 17.8–46.1, SD = 7.18).

The other group of volunteers included 20 healthcare professionals, including 10 nurses
and 10 doctors. Males and females were evenly represented. The same authors described
the recruitment process, study teams, and qualitative analysis (Ansari et al., 2019 [19]). The
study was conducted in rural Abbottabad. Abbottabad had 1.1719 million residents in 2010.
(NIPS, 2013). The city is 110 km north of Islamabad (the capital city). Around 80% of the
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population lives in rural areas with 19 basic healthcare clinics, five of which are affiliated
with the hospital where the study was done (UNDP, 2013; NIPS, 2013).

3.3. Statistical Analysis

The statistical analysis was performed using STATA 15 software (StataCorp. 2015. Stata
Statistical Software: Release 15. College Station, TX: StataCorp LP). A p-value < 0.05 was
considered as the criterion for statistical significance. In order to assess the demographic
characteristics and clinical measurements between the variables, a t-test was performed
and used to evaluate the predictors and their association with glycaemic control. The
hypothesis was tested to identify that diabetes self-management has a gendered dimension
in rural areas of Pakistan.

3.4. Data Collection

Face-to-face interviews with 30 type 2 diabetes patients and 20 healthcare workers
(10 general practitioners and 10 nurses) were done in the Urdu language in a clinical
environment at several Al-Rehman hospital medical facilities in Pakistan.

The primary author and an auxiliary nurse from the medical centre participated in
semi-structured interviews. The interviewees were moderated by the primary author, who
encouraged individuals to express their perspectives. Participants were urged to offer
their perspectives on the issues raised. Each interview lasted between 30 and 40 min. The
interviews, which were semi-structured, were transcribed and translated from the Urdu
language. Following an initial check to confirm that data collection was complete, all
participant identifying information was erased, and objective identifiers were put on the
transcripts to ensure participant anonymity. The questionnaire utilized in this study was
aligned with the Chronic Care Model’s components, and the questions were identical for
patients and healthcare providers.

4. Results

The two major themes of CCM at the practice level (Table 1) have been discussed in
detail below for patients with diabetes in the middle-aged population of rural areas of
Pakistan. These are the themes of self-management support (SMS) and delivery systems
(DSD) design. These themes were discussed in detail by the same authors (Ansari et al.,
2021 [49]) as part of qualitative analysis. The statements provided by participants through-
out the interviews were categorized into subthemes according to the Chronic Care Model’s
components. The examination of data from 30 patients and 20 healthcare professionals
yielded 340 statements from all 50 participants (n = 50), which were classified into six
major Chronic Care Model themes. Male and female patients with Type 2 diabetes made
a total of 226 statements, as indicated in Table 1. A total of 114 statements were made by
healthcare professionals.

Table 1. The number of factors affecting the self-management of type 2 diabetes outcome (n = 50)
(Ansari et al., 2021 [49]).

Themes (CCM)
Type 2 Diabetes Patients

(Statements)
Health Professionals

(Statements)
Total

(Statements)

Practice Level Male Female N (%)

Delivery System (DSD) 20 10 30 60 (18)
Self-management (SMS) 22 25 21 68 (20)

Decision Support 19 10 20 49 (14)
Clinical Information 20 19 11 50 (15)

Community and System Level
Community Resources 20 40 20 80 (23)

Health Care System 10 11 12 33 (10)
Total Statements 111 115 114 340 (100)
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4.1. Quantitative Analysis

The quantitative analysis was carried out considering the two important components
of CCM and applied to the primary health care system with an objective to study how
effective the two components of the CCM (Self-Management Support and Delivery System
Design) were in improving the self-management approach and risk behaviour of patients
with type 2 diabetes in the middle-aged population of rural Pakistan.

The American Diabetes Association (ADA) recommended a collaborative approach to
self-management assistance and delivery system design (Rafique and Shaikh, 2000 [35,36];
ADA, 2016). However, there was a gap in recommended evidence-based diabetes care and
practice in the rural areas of Pakistan (Rafique and Shaikh, 2000 [35,36]; ADA, 2016), and
hence, quality improvement strategies and key performance indicators used to measure
the improvement of the quality of diabetes care delivered were misaligned.

This quantitative research aimed at addressing the above-mentioned gap through
the application of the two main components of the CCM model, which allowed for better
measurement of care outcomes against quality improvement strategies.

The specific question related to this research was:
Do the components of the Chronic Care Model improve clinical outcomes for patients

with type 2 diabetes in the rural areas of Pakistan?
This study identified that diabetes self-management has a gendered dimension in

rural areas of Pakistan, and this research gap was addressed in this study by using the two
components of CCM.

We hypothesized that the mean difference of HbA1c (%) between males and females
at the follow-up after 6-months would be equal in the two groups of participants.

The two subthemes of the self-management support (SMS), patients’ central role in
managing type 2 diabetes and effective self-management support strategies, were imple-
mented based on the various statements made by the patients during qualitative analysis
(Ansari et al., 2021 [49]). There was a lack of knowledge about diabetes, and patients did
not view themselves as actively managing their disease. The other important aspect was the
patients’ desire to attend the educational/information classes on diabetes self-management
in the local language.

The educational classes were arranged for the patients providing information about
the diabetes self-management approach and explaining the complications of diabetes in
case the disease is not controlled. Nurses played an important role and prompted great
interest among the patients in attending the classes regularly. The nurses conducted the
educational classes for six months, 3 days a week, and one hour with each group of
15 patients with diabetes.

The overall impact of the lectures was evident as the patients reported going to the
walk regularly, being more careful with their eating habits and selecting healthy food to
eat, and showing more interest in monitoring blood glucose. The patients were using their
prescribed medications as usual.

The self-management support (SMS) component was most effective, which allowed
for better measurement of care outcomes, that is, improved and better management and
control of blood sugar. However, the implementation of the other core element of the
Chronic Care Model, “Delivery System Design”, helped to influence the self-management
activities of the middle-aged population of rural areas.

This core element of CCM facilitated routine, proactive scheduled visits of general
practitioners incorporating the patients’ goals and assisting individuals in maintaining
optimal health and enabled the health system to manage its resources more effectively.

The database of the patients participating in this research was updated in the electronic
system of the primary health clinic. The baseline medical record was already available
before the start of the research work. The results of metabolic indicators tests were recorded
in the electronic system after 3 months and 6 months intervals of implementation of the
two components of the Chronic Care Model.
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4.2. Application of the Two Components of CCM
4.2.1. Baseline Analysis of HbA1c

The t-test in Table 2 shows that the mean difference of HbA1c at baseline analysis
between male and female patients with diabetes is 0.43 and that difference is statistically
non-significant (p = 0.519) with 95% CI (0.92; 1.79). Figure 2 shows the scatter plot of HbA1c
and age variables by sex at baseline analysis while Figure 3 shows the histograms of the
distribution of data for male and female patients. The histogram in Figure 3 for females
is right-skewed, that is, the mode (7.0) is less than the median (9.0), and the median is
less than the mean (9.2). The histogram for males is approximately normal. The following
Figure 4 shows these statistics on the histograms.

Figure 2. Scatter plots of HbA1c and age variables by sex at baseline analysis.

Figure 3. The histograms of HbA1c variable by sex at baseline analysis.
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Table 2. Summary statistics of two-sample t-test of HbA1c by sex in the sample of the population at
baseline analysis.

Sex N
Mean

(HbA1c %)
SD

(HbA1c)
Confidence Interval

(CI)

Male 15 9.48 1.68 8.55–10.41

Female 15 9.05 1.94 7.97–10.12

Combined 30 9.26 1.80 8.59–9.93

Difference Mean t-value CI p-value

(Male-Female) 0.43 −0.654 0.92–1.79 0.519

Figure 4. The histograms of HbA1c by sex show statistics at baseline analysis.

4.2.2. After the 3-months intervention of CCM components

The t-test in Table 3 shows that the mean difference of HbA1c after a 3-month interven-
tion of the two components of the Chronic Care Model in the sample population between
male and female patients with diabetes is 1.06, and that difference is statistically significant
(p = 0.041) with 95% CI (−0.05; −2.09). Figure 5 shows plots of HbA1c and age variables by
sex after 3 months.

Table 3. Summary statistics of two-sample t-test of HbA1c by sex in the sample. of population after
3-months follow-up.

Sex N
Mean

(HbA1c %)
SD

Confidence Interval
(CI)

Male 15 9.19 1.33 8.45–9.92

Female 15 8.12 1.40 7.35–8.89

Combined 30 8.65 1.44 8.11–9.19

Difference Mean t-value CI p-value

(Male-Female) 1.06 −2.144 −0.05–−2.09 0.041
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Figure 5. Scatter plots of HbA1c and age variables by sex after 3 months.

The histogram in Figure 6 for female patients is right-skewed, that is, the median (8.55)
is less than the mean (8.65). The histogram for male patients in Figure 6 is approximately
normal. Figure 7 shows these statistics on the histograms.

Figure 6. The histograms of HbA1c variable by sex after 3-months intervention.

4.2.3. After the 6-Month Intervention of CCM Components

The t-test in Table 4 showed that the mean difference of HbA1c after a 6-month inter-
vention of the two components of the Chronic Care Model in the sample of the population
between male and female patients with diabetes is 0.83. It was observed from the hypoth-
esis test (that the two-sided p-value was 0.039 (p < 0.05). We rejected the null hypothesis
and concluded that the mean difference of HbA1c (%) between males and females was not
equal. The statistics t-value = −2.168, df = 28 and with 95% CI (−0.046; −1.61).
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Figure 7. The histograms of HbA1c by sex show statistics after 3-months and 6-months intervention.

Table 4. Summary statistics of two-sample t-test of HbA1c by sex in the sample population after
6-months follow-up.

Sex N
Mean

(HbA1c %)
SD

Confidence Interval
(CI)

Male 15 8.11 1.16 7.46–8.75

Female 15 7.28 0.91 6.77–7.79

Combined 30 7.69 1.11 7.28–8.11

Difference Mean t-value CI p-value

(Male-Female) 0.83 −2.168 −0.04–−1.61 0.039

Figure 8 shows the scatter plots of HbA1c and age variables by sex after 6 months.
The histogram for female patients in Figure 9 is right-skewed and for male patients is
approximately normal with a symmetrical distribution (mode = median = 7.5). Figure 7
shows these statistics on the histograms.

The overall results of the quantitative analysis showed that the variable HbA1c was
reduced from 9.48% from the baseline analysis to 8.11% after a 6-months intervention of
the two components of the Chronic Care Model; for male patients with type 2 diabetes and
for female patients, the results were more promising as HbA1C was reduced from 9.05% to
7.28% after a six-months follow-up. Table 5 gives the summary statistics of a two-sample
t-test of BMI by sex in the sample population after a 6-months follow-up.

Table 5 provides the results of the sample t-test of BMI by sex. For body mass index,
the sample t-test after 3 months showed the mean difference in BMI was not significant
between males and females at the baseline (p > 0.05). The mean difference was 4.15 kg/m2,
p = 0.115 with 95% CI (−9.37; 1.08). However, after the 6-months intervention of the two
components of the Chronic Care Model in the sample of the population, the mean difference
in BMI between males and females was significant (p < 0.05). The mean difference was
4.97 kg/m2, p = 0.040 with 95% CI (−0.243; −9.690).

82



Diabetology 2022, 3

Figure 8. Scatter plots of HbA1c and age variables by sex after 6 months.

Figure 9. The histograms of HbA1c variable by sex after the 6-month intervention.

Table 5. Summary statistics of two-sample t-test of BMI by sex in the sample of population after a
6-months follow-up.

Sex N
Mean

BMI (Kg/m2)
SD

Confidence Interval
(CI)

Male 15 29.43 5.67 25.61–33.26

Female 15 24.43 6.90 21.33–27.60

Combined 30 26.95 1.22 24.45–29.45

Difference Mean t-value CI p-value

(Male-Female) 4.97 −2.154 −0.243–(−9.69) 0.040
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5. Discussion

Implementation of the Chronic Care Model aimed to manage the predicted increase in
chronic disease by emphasizing a patient-centred approach that focuses on the individual
managing and living with chronic disease, illness, and disability (Plumb et al., 2012 [50]).
Furthermore, the successful implementation of the Chronic Care Model provided gen-
eral practitioners with an effective framework for supporting diabetes self-management
education and support (Roberto et al., 2012 [51]).

Davy et al. (2015) [52] demonstrated the necessity of including human aspects, includ-
ing the influence that various stakeholders have on the success or failure of adopting a
CCM, through a systematic review. Successful implementation of complex interventions
such as a CCM may rely not only on adequate resources and the establishment of effective
systems and processes but also on a diverse variety of different stakeholders who will
understand and influence the process.

Timpel et al. (2020) [53] developed an evidence-based and expert-driven chronic care
management model for patients with diabetes. The Manage Care Model provided guidance
for the development and implementation of chronic care programmes, regional networks,
and national strategies. They have also suggested that future research will be required to
validate the model as an instrument of regional chronic care management.

The two key components of the Chronic Care Model in this study assessed their rele-
vance, feasibility, acceptability, and effectiveness in the primary healthcare system of rural
Pakistan. Studies that assessed the effectiveness of the Chronic Care Model also revealed
some progress in terms of health outcomes for people living with chronic diseases when
delivery system design and self-management assistance were used, and the results of these
studies corroborate our findings (Baptista et al., 2016 [41]; Molayaghobi et al., 2019 [54]).

The studies on diabetes knowledge, beliefs, and practices among people with diabetes
provided further evidence that there was a lack of information available to people with
diabetes in Pakistan as the large population has never received any diabetes education
(Rafique and Shaikh, 2000 [35]; Afridi and Khan, 2003 [55]).

Implementation of the two core elements of the Chronic Care Model, “Delivery System
Design” and “Self-management Support, helped to influence the self-management activities
of the middle-aged population of rural areas. The quantitative analysis demonstrated
that, when compared to standard diabetes care, multi-faceted care delivered via CCM
components improved HbA1c levels in all type 2 diabetes patients. This finding is in line
with several healthcare settings internationally with a specific focus on diabetes, where
implementation of the CCM model was found to be the most effective in clinical practice
(Busetto et al., 2016 [56]).

The results of the analysis revealed that all the patients who participated in this study
had shown a significant reduction in HbA1c ranging from 0.5% to 1% without experiencing
hypoglycaemia as per the electronic record of the clinic. The results have addressed the
research question and demonstrated that the two components of CCM were effective and
improved clinical outcomes for patients with type 2 diabetes in the rural areas of Pakistan.
These results are significant as reducing the HbA1c level by 0.2% could lower the mortality
due to diabetes by 10% (S herwani et al., 2016 [57]). These findings are in agreement with
the studies carried out by Stratton et al. (2000) [58] that a reduction in HbA1c is likely to
reduce the risk of complications.

The quantitative analysis demonstrated that diabetes self-management has a gendered
dimension as the mean of HbA1c among male patients of type 2 diabetes was 8.11% after
a 6-months intervention of the two components of the Chronic Care Model, compared
to female patients, whose mean HbA1C was 7.28%, there was a promising difference of
0.83%. Similar results were obtained for body mass index as the mean BMI among male
patients was 29.43 kg/m2 after a 6-months intervention of the two components of the
Chronic Care Model, compared to female patients, whose mean BMI was 24.43 kg/m2,
there was a difference of 4.97 kg/m2. These results are in agreement with other studies
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reporting the aspect of gender differences in the self-management of type 2 diabetes
(Ansari et al., 2019 [19]).

The two subthemes of “Delivery System Design” that received the most attention from
participants and health professionals were task distribution among team members and
planned interactions to support evidence-based care. The approach of collaboration was
deemed to be the most beneficial in terms of optimizing general practitioners’ time, as there
is a shortage of general practitioners in rural areas of Pakistan, and therefore, more patients
will have access to the physicians through a teamwork approach (Shaikh and Hatcher,
2004 [59]; Ansari et al., 2016 [60]).

The previous studies using the two main components of the Chronic Care Model such
as patient self-management and delivery system design were found to be the most effective
interventions (Fisher et al., 2005 [61]; Foy et al., 2011 [15]; Lee et al., 2011 [16]; Molayaghobi
et al., 2019 [54]). The results of these studies are in agreement with our findings, suggesting
that in the context of primary healthcare in Pakistan, the two components of CCM were
found to be most suitable and effective.

6. Strength and Limitations

The study’s strength was in evaluating the two critical components of the Chronic Care
Model’s relevance, feasibility, acceptability, and effectiveness in rural Pakistan’s primary
healthcare system. The study emphasized the healthcare system’s influence on diabetes
self-management outcomes. Previous studies did not address this issue and instead focused
exclusively on patient-related factors.

The limitation is related to the delivery system, that is, the absence of workforce
structure in rural locations: the absence of dietitians, social workers, and diabetes health
educators. In addition, involving family members in this study might have been beneficial,
providing significant insight into their perspectives of diabetes self-management practices.

7. Relevance to Clinical Practice

The two main themes of CCM at the practice level, namely, the self-management
support (SMS) and delivery system design (DSD), have shown their effectiveness in pri-
mary healthcare settings in rural areas of Pakistan. Additionally, family participation in
such organizations is critical for the members’ own diabetes education and for receiving
information on the best ways to support a family member with type 2 diabetes. Diabetes
self-management education, preventive and monitoring programmes that consider gender-
specific methods, and recommendations would be more suitable and successful in the rural
areas of Pakistan.

8. Conclusions

The two elements of the Chronic Care Model were found to be most suitable, feasible,
and effective after their implementation in a primary healthcare clinic, and implementation
of all the components of CCM in the future will improve the overall efficiency of the health
care system of the rural areas of Pakistan. The implementation of the two core elements
of CCM in a primary healthcare clinic setting reflected that evidence-based approaches to
dealing with this culturally diverse community are effective.
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Abstract: Autoimmune pancreatic β-cell loss and destruction play a key role in the pathogenesis
and development of type 1 diabetes, with a prospective increased risk for developing micro- and
macrovascular complications. In this regard, orally administrated verapamil, a calcium channel
antagonist, usually intended for use as an anti-arrhythmic drug, has previously shown potential
beneficial effects on β-cell preservation in new-onset type 1 diabetes. Furthermore, observational
data suggest a reduced risk of type 2 diabetes development. The underlying pathophysiological
mechanisms are not well investigated and remain widely inconclusive. The aim of this narrative
review was to detail the role of verapamil in promoting endogenous β-cell function, potentially
eligible for early treatment in type 1 diabetes, and to summarize existing evidence on its effect on
glycemia in individuals with type 2 diabetes.

Keywords: type 1 diabetes; type 2 diabetes; insulin; beta cell preservation; verapamil; thioredoxin-
interacting protein (TXNIP)

1. Introduction

Approximately 537 million people globally suffer from type 1 (T1D) and type 2 diabetes
mellitus (T2D) and prevalence of both is substantially increasing [1,2]. Without sufficient
action to address this situation, the number of people suffering from diabetes is predicted
to be 643 million in 2030 [2]. The key factor in developing T1D and advanced T2D is the
loss or impairment of the insulin-secreting β-cells of the pancreas. In the last 100 years
daily insulin injections have been established as the life-saving treatment for most people
with T1D and some with T2D. Nevertheless, despite emerging advancements in insulin
development and diabetes technology, the majority of people living with diabetes do not
achieve individual therapy goals, increasing their risk of acute and late complications [3].

Pancreatic β-cell loss and destruction play a key role in the pathogenesis and de-
velopment of T1D. In the pancreatic tissue, islets of Langerhans secrete several different
hormones, which are responsible for maintenance of glucose homeostasis. Insulin, the only
hormone able to lower blood glucose concentration, is secreted by the β-cells, which repre-
sent the major cellular component of the pancreatic isles [4]. The primary physiological
stimulus for insulin secretion is known to be the increase of circulating glucose concentra-
tion. The direct insulin secretion by glucose involves a “triggering” and an “amplifying”
pathway. The “triggering” pathway is activated by several biochemical signals, involving
the adenosine triphosphate (ATP) generation by glucose metabolism, the closure of ATP-
sensitive potassium (KATP) channels resulting in membrane depolarization and consequent
activation of voltage-gated calcium channels. The subsequent sharp rise of intracellular
calcium levels contributes to the triggered exocytosis of readily releasable pooled insulin
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secretory granules by membrane fusion and release to the cell exterior. After the “first
phase” of insulin release resulting in a sharp peak, the amplifying pathway provides lower
but sustained insulin release for several hours in the “second phase” of insulin secretion.
The amplifying pathway is activated in the presence of maximal intracellular Ca2+ levels
and is largely independent of KATP driven mechanisms [5].

Residual c-peptide levels representing a consistent and sensitive measure of β-cell
function [6] and being detected in many people for years following the diagnosis of T1D,
contribute to β-cell responsiveness to hyperglycemia and α-cell responsiveness by recipro-
cal regulation of glucagon secretion to hypoglycemia for glycemic control in individuals
with T1D [7]. Carr et al. demonstrated that detectable c-peptide is associated with an
increased time spent in the normal glucose range and with less hyperglycemic episodes,
but not with the risk of hypoglycemia in those with newly diagnosed T1D [8]. Preserved
c-peptide levels in T1D were associated with a more pronounced counter regulation in
response to clamp-induced hypoglycemia [9]. On the one hand, regular physical exercise
contributes to β-cell preservation, improved insulin sensitivity and less requirements of
exogenous insulin administration [10]; on the other hand, in T1D subjects undertaking
high levels of physical exercise, the honeymoon period, which is defined by an absence of
insulin requirements early after onset of diabetes, is five times longer compared to matched
sedentary controls [11]. Next to physical activity, conscious macronutrient intake, such as
gluten deprivation or reduced consumption of refined grains may have beneficial effects
on β-cell preservation in people affected by new-onset T1D [12,13].

Individuals with T1D are exposed to an increased risk for developing micro- and
macrovascular complications, which are associated with episodes of dysglycemia. In
this context, residual β-cell secretion, evaluated by measuring fasting c-peptide levels,
has been shown to be prospectively associated with reduced incidence of microvascular
complications in T1D [14]. Even modestly detectable β-cell levels correlated with a reduced
incidence of diabetes-related complications, such as retinopathy and nephropathy [15].

By the fact that autoimmune-mediated β-cell destruction is unavoidably progressing,
sooner or later, complex insulin therapy is required for the lifetime. The time from T1D
diagnosis to complete lack of measurable insulin (c-peptide) is highly individual as shown
by Davies et al., who demonstrated that after 6–9 years of diabetes diagnosis, insulin
remained detectable in 60% of individuals, while after 10–20 years of diabetes duration
only 35% of the individuals remained c-peptide positive, as defined by detectable fasting
c-peptide ≥ 0.017 nmol/L and non-fasting c-peptide ≥ 0.2 nmol/L [16]. Recent research
on T1D enables us to refine our understanding in pathogenesis and subsequent develop-
ment of insulin deficiency in T1D and potentially establish novel prevention and therapy
strategies [17]. The impairment of β-cells leads to long-term immune-mediated destruction,
low insulin secretory capacity and autoantigen presentation [17]. However, up to now,
evidence on effective therapies to delay or halt this process is largely lacking [18].

For these reasons, β-cell rescue and preservation strategies are hot topics on current
and future therapeutic strategies in T1D. Exploring beneficial actions for the treatment of
T1D, clinical data are suggesting positive effects for peptides or medication reducing the
β-cell stress, such as verapamil [17,19,20]. Verapamil was the first non-dihydropyridine
calcium channel blocker (CCB) that was approved by the Food and Drug Administration
(FDA) in 1981 for clinical use [21]. In several clinical implications, such as cardiac arrhyth-
mias or combination treatment of hypertension, it has proven efficacy in everyday clinical
practice due to its good safety profile and pharmacodynamic properties [22,23].

Next to the previously described impact of preserved endogenous insulin secretion,
measured by c-peptide levels in T1D individuals, the role of c-peptide is not well defined
in T2D, a disease that is considered to be associated with insulin resistance and a reduced
β-cell function [24]. Therefore, preserving β-cells function is one of the principle aims in the
treatment of T2D to delay the natural course of the disease, necessitating the introduction of
insulin therapy in the majority of patients [14]. In T2D patients, regular moderate physical
activity and physical health represent well accepted key factors next to regular orally
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administrated antidiabetic medication and finally additional exogenous insulin application
combined with conscious macronutrient intake in order to prospectively hold back the
progress of β-cell decline and insulin resistance. In this matter, several clinical observational
studies in general reported about decreased risk of new onset diabetes and lower fasting
blood glucose levels in diabetes patients receiving orally administrated verapamil [25–27].
Dietary factors are estimated to contribute to maintaining insulin secretion and sensitivity
by reduced consumption of refined grains and meat products in T2D [13]. Some prospective
studies reported a positive association between residual insulin secretion in T2D patients
and less microvascular complications [28], but up to now, to our knowledge, no data
regarding the association between residual insulin secretion and major outcomes, such
as all-cause mortality and mortality due to cardiovascular diseases, are available in T2D
patients [29].

In this regard, we review the role of orally administrated verapamil in diabetes
positively influencing β-cell function and glycemic control as well as its potential properties
to prevent diabetes development.

2. Method Section

Scientific Research

We selected relevant scientific research published from October 1984 until May 2022
by searching PubMed. Potentially eligible studies were considered to be included in our
narrative review after searching by combined-term medial subject headings and keywords,
such as type 1 diabetes (T1D), type 2 diabetes (T2D), insulin secretion, β-cell preservation,
verapamil, and Thioredoxin-interacting protein (TXNIP). After completing the search,
69 papers and one web source were included to detail the systemic and cellular effects of
orally administrated CCB verapamil in T1D and T2D subjects.

3. Insulin Secretion in Pancreatic β-Cells and the Role of TXNIP—Influence of
Verapamil and Clinical Implications

3.1. The Role of Pancreatic β-Cells in T1D and T2D

T1D is an autoimmune-mediated disease characterized by progressive destruction of
the pancreatic β-cells resulting in long term lack of the hormone insulin [30]. Pancreatic
β-cells play a pivotal role in the synthetization and secretion of insulin, as the body’s
solo source [31]. In this regard, insulin represents the main player for promotion and
maintenance of metabolism [32]. In the scientific community it is an accepted fact that
diabetes is associated with a reduction in β-cell mass and to date there is no approved drug
treatment that targets damage to these cells [33,34]. Pancreatic β-cells have, as reported
in several studies, a weak antioxidant capacity and are very sensitive to oxidative stress
interactions occurring within the cells [31,33]. Although several trials have studied the
mechanisms of β-cell loss in the different types of diabetes, there is less information
referring to the residual β-cells in autoimmune T1D [35].

Different mechanisms are postulated for β-cell failure as demonstrated especially for
T2D individuals [36]. β-cells in T2D patients are reported to be secretory-functionally
inactive for decades and their potential and preserving might contribute to new therapeuti-
cal approaches [35]. A heated discussion is ongoing whether a β-cell reduction occurs in
every person with T2D. Some researchers argue that the β-cell mass in T2D patients stays
normal and remarks the functional abnormality of insulin secretion as the main problem of
hyperglycemia. On the other hand, the scientific community discusses the reduction of the
absolute β-cell mass, which is far more difficult to restore [34]. In this context, oxidative
stress might inactivate key islet transcription factors, producing “stunned” β-cells, not
responding to glucose [36–38]. Although it is difficult to measure the β-cell mass in vivo,
there is a proposed positive correlation between high mass and high insulin sensitivity and
secretion [34,39,40].
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3.2. Thioredoxin-Interacting Protein (TXNIP) and Its Regulation of Pancreatic β-Cells

Thioredoxin-interacting protein (TXNIP) is an attractive aspect to focus on, as it has
been suggested to be a major factor in the regulation of pancreatic β-cell dysfunction and
death, representing key processes in the pathogenesis of T1D and T2D [19,41]. Therefore,
TXNIP represents a very promising future target in the therapy for diabetes based on
basic, preclinical and retrospective epidemiological analyses [41,42]. TXNIP inhibits thiore-
doxin (TRX) as a part of the intracellular antioxidant system, which manages different
mechanisms in the β-cells, mainly the reduction of the antioxidant capacity and subse-
quent oxidative stress and apoptosis in the β-cells, resulting in reduced insulin production
capacity (Figure 1) [43,44].

 

Figure 1. The role of pancreatic β-cells, oxidative stress and insulin secretion in T1D, [31]. Abbrevia-
tions: TXNIP, Thioredoxin interacting protein; Ca2+, Calcium.

In detail, TXNIP regulates the glucose homeostasis as a signal complex, the TRX/TXNIP
signal complex. This redoxisome represents the basis of TXNIP regulation as redox re-
sponse. TXNIP has been shown to bind NOD-like receptor protein 3 (NLRP3) and activate
the inflammasome [41]. TXNIP as a member of the ancestral α- Arrestin family binds to
the Itchy E3 Ubiquitin Protein Ligase (ITCH) and enables the ubiquitination of the sub-
strates. TXNIP in general is transcriptionally regulated by nuclear receptors (NR), such as
glucocorticoid receptor (GR), vitamin D receptor (VDR), farnesoid X receptor (FXR) and
peroxisome-proliferator activated receptor (PPARs) in a cell-specific manner [41]. These
signal complex regulators are involved in the physiological regulation functions of TXNIP,
for example in the regulation of glucose homeostasis, as pictured in Figure 2.

TXNIP has been shown to be activated by hyperglycemia and to be increased in
diabetes, whereas TXNIP deletion seems to be associated with non-diabetes occurrence in
general. In detail, TXNIP is one of the genes that is highly upregulated by hyperglycemia in
murine and human β-cells. Therefore, in the case of β-cells the glucose sensor carbohydrate-
response element-binding protein (ChREBP) directly binds to the promoter region of
TXNIP and increases gene expression [41,45,46]. Furthermore, TXNIP inhibition has been
proven for promoting insulin production and glucagon-like peptide 1 signaling via the
microRBA regulation [42]. On the other hand, the glucose responsiveness of TXNIP is
linked to the notable functions of induction of apoptosis as a reaction to hyperglycemic
episodes [41,45,47]. This stress-induced upregulation of TXNIP can be noticed in the
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pancreatic islets during progression of diabetes in humans and mice [48,49]. Varying
factors, such as glucocorticoids, lipids, inflammation/cytokines and oxidative stress, which
influence and stimulate the TXNIP induction, are described in previous research [50–53].

 
Figure 2. TXNIP signal complex regulating glucose homeostasis, [41]. Abbreviations: TRX, Thiore-
doxin; TXNIP, Thioredoxin interacting protein; NLRP3, NOD-like receptor protein 3; ITCH, Itchy
E3 Ubiquitin Protein Ligase; PPARs, peroxisome-proliferator activated receptors; GR, glucocorticoid
receptor; VDR, vitamin D receptor; FXR, farnesoid receptor.

In this context, there has been shown some scientific evidence that pancreatic β-cells as
well as skeletal myocytes share common mechanisms of fuel sensing in order to cooperate
and maintain glucose homeostasis in the whole-body system. Therefore, TXNIP has
been recently shown to play a key role as a diabetogenic culprit disrupting the following
both processes—on the one hand by activating the pancreatic isles by mobilizing insulin-
containing vesicles and on the other hand by modulating the translocation of resident
glucose transporters in the peripheries of the muscles [48,54]. The thioredoxin system plays
an important role at a nodal point linking pathways of redox regulation, energy metabolism,
antioxidant defense, and in the end cell growth and survival [44]. Hypoglycemic agents,
carbohydrate-response-element-binding protein and cytosolic calcium levels regulate the
β-cell TXNIP expression, and these different aspects contribute to regulation of whole-body
glucose maintenance [42]. This vicious cycle may contribute to TXNIP triggered β-cell
failure and overt diabetes [44].

Next to the mentioned TXNIP interactions, TXNIP is an α-Arrestin that acts as an
adaptor for glucose transporter 1 (GLUT1), which plays upregulated—as a major glucose
facilitator—an important role in the development of metabolic diseases, such as diabetes.
TXNIP interacts with GLUT1 lipid nanodiscs in a 1:1 ratio and regulates the glucose uptake
in response to intracellular as well as extracellular signals. TXNIP-GLUT1 interaction
depends on TXNIP interaction with phosphatidylinositol 4,5-bisphosphate PI(4,5)P2 or
PIP2 and TIXNP does not interact with GLUT5 [55].

In summary, the TRX/TXNIP signal complex has been shown to play an important
role in the redox-related signal transduction in many different types of cells in various
tissues. Additionally, TXNIP has several cellular functions, which largely rely on their
scaffolding function as a member of the α-Arrestin family [41]. By both functions, i.e., the
redox dependent and independent, TXNIP has emerged as master regulator for glucose
homeostasis. Targeting TXNIP in diabetes seems to play an important role in the whole-
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body glucose metabolism regulation influenced by variable factors and circumstances and
in the future might inaugurate new therapeutical potential in diabetes therapy.

3.3. Verapamil and Its Impact on Diabetes

The non-dihydropyridine CCB verapamil and its role in clinical routine as cardiac
antiarrhythmic therapy and a blood-pressure-lowering drug was approved by the FDA in
1981 due to its advantageous pharmacodynamics for the treatment of angina, hypertension,
supraventricular tachycardia and atrial fibrillation [21,22]. In recent years it has been con-
sidered as a promising novel approach in the therapy of TD1 and T2D [21]. The cardiac side
effects and antidiabetic efficacy of R-form verapamil enantiomer (R-Vera) and S-form vera-
pamil enantiomer (S-Vera) were evaluated in mouse models and R-Vera seems to represent
an effective option in diabetes treatment by downregulating TXNIP and reducing β-cell
apoptosis with an established safety profile and only weak adverse cardiac effects, such
as negative inotropy [21]. While the rise of intracellular calcium concentration is known
in general as the main trigger of exocytosis and subsequent insulin secretion, verapamil
reduces by blocking calcium channels the intracellular calcium concentration and prevents
long-term β-cell impairment, which is partly caused by chronic increased intracellular
Ca2+ levels. This preventive mechanism contributes to preserved β-cell function by TXNIP
downregulation, ameliorating less apoptosis in pancreatic β-cells and helping to preserve
continuously endogenous insulin levels during glucose metabolism regulation [21].

In general, the three different subtypes of calcium channels, i.e., Ca V 3.1, -3.2 and
-3.3, are distributed over the whole body and have defined roles in cardiac regulation,
vasculature tone regulation and the activation of the nervous system. The main effect
of verapamil results in blocking of both L-Type and T-type channels with higher affinity
for depolarized channels than for resting channels. The highest affinity, up to ten times
higher, of verapamil is reported in depolarized L-type channels than in the resting chan-
nels [22]. The phenylalkylamine Br-verapamil binds in the central cavity of the pore on
the intracellular side of the selectivity filter—blocking the ion-conducting pathway—and
structure-based mutations of key amino-acid residues confirm the verapamil binding on
both sides, as reported by Tang et al. [56]. These specific positive effects could be verified
in several studies, as shown in mouse models resulting in improved β-cell survival and
function, enhanced insulin secretion and reduced diabetes rate [19]. Next to these findings,
several clinical observational studies, such as International Verapamil SR/Trandolapril
(INVEST) and the Reasons for Geographic and Racial Differences in Stroke (REGARDS)
study, confirmed decreased risk for newly diagnosed diabetes and lower fasting blood
glucose levels in response to regular oral verapamil intake [25–27].

3.3.1. Verapamil Administration and β-Cell Mass in Mouse Model

In this regard TXNIP was identified as a target to halt the functional β-cell mass loss
as described by Xu et al. in a mouse model [19]. Hyperglycemia and diabetes induce
an upregulation of β-cell TXNIP expression, and TXNIP overexpression causes β-cell
apoptosis. Although it has previously been shown that TXNIP is strongly dependent and
induced by glucose, different proinflammatory cytokines, such as tumor necrosis factor
α (TNF α), interleukin-1 β (IL-1 β) and interferon γ (IFNγ) each have distinct and partly
opposing mechanisms and pathways on β-cell TXNIP expression [19,50].

Xu et al. could reveal positive effects due to inhibition of TXNIP expression, enhanced
endogenous insulin levels as well as improved glucose homeostasis and sensitivity in the
mouse model. These positive effects of TXNIP repression by orally administrated verapamil
in a mouse model seem to be conditional by reduction of intracellular calcium levels, inhibi-
tion of calcineurin signaling and nuclear exclusion and decreased binding of carbohydrate
response element-binding protein to the E-box repeat in the TXNIP promoter [19].

For the first time it was highlighted that oral medication of the CCB verapamil could
effectively inhibit proapoptotic β-cell TXNIP expression, improve β-cell survival and
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function with weak adverse cardiac effects, and could represent a new therapeutic approach
for the prevention and therapy of diabetes.

3.3.2. Clinical Implications in Type 1 Diabetes (T1D)

To translate these positive findings reported in a mouse model [19,50] into humans,
Ovalle et al. performed a trial in order to assess the efficacy and safety of using oral
verapamil in subjects with recent onset T1D in order to downregulate TXNIP and enhance
the patients’ endogenous β-cells mass and insulin production [18]. Therefore, in a double-
blind, placebo-controlled Phase 2 trial, 32 participants were randomized to assess the
efficacy and safety of orally administrated verapamil in subjects with recent onset T1D
in order to downregulate TXNIP, and to evaluate the maintenance of endogenous β-cell
mass and insulin production. Furthermore, 26 participants were randomized to the two
treatment groups, i.e., placebo control group versus oral medication with verapamil for
12 months. The initial dose of verapamil was 120 mg daily and was advanced to a maximum
dose of 360 mg daily, if tolerated. The primary outcome measures assessed the functional
β-cell mass by the area under the curve (AUC) from a two-hour mixed meal stimulated
c-peptide after 12 months. As secondary outcome measures the changes from baseline
in exogenous insulin requirements both within 12 weeks and 12 months, hypoglycemic
events as well as the HbA1c values within 12 weeks and 12 months were defined. An
improved endogenous β-cell activity, lower exogenous insulin requirements and lower
hypoglycemic episodes were demonstrated in the verapamil group for at least 24 months
and lost upon discontinuation [18,57]. These positive findings were shown and consistent
to the previous results in preclinical diabetic mouse model studies and in isolated human
islets [18,50]. Evaluating secondary endpoints, as the total daily dose of insulin (TDDI)
to maintain glycemic control, a significant treatment difference of −43% in the verapamil
group compared to the placebo group could be revealed within the first follow-up year, as
well as non-significant lower HbA1c levels (p = 0.083) in the verapamil group. Moreover,
an improved glycemic control with significant less hypoglycemic episodes in the verapamil
group (p = 0.0387) as well as more time within the target range of 3.9–10.0 mmol/L assessed
by a continuous glucose monitoring (CGM) system were reported within the verapamil
group. Verapamil treatment did not affect fastening glucagon levels and no severe adverse
events occurred in the verapamil group causing treatment discontinuation. These positive
effects, especially the comparable glucagon levels in both groups, might be assumed by an
improved insulin sensitivity due to verapamil administration resulting in an overall better
glucose control. These aspects might contribute to lower exogenous insulin requirements,
which in turn could reduce the hypoglycemic episodes [18]. These different mechanisms
might result in an overall improved glucose control and stable glucagon levels in both
groups might serve as a positive feedback control mechanism. Importantly, verapamil
administration did not cause any severe episodes of hypotension, heart rate abnormalities
or electrocardiogram (ECG) alterations. These results emphasize the potential translational
implications and its impact on clinical care and encourage the scientific community for
larger follow-up trials in order to develop novel therapeutical approaches [18,19].

The clinical implications of TXNIP targeting in T1D subjects seem to preserve ad-
ditional therapeutic opportunities to decrease long term micro- and macrovascular com-
plications, such as diabetic vascular dysfunction, diabetic retinopathy as well as diabetic
nephropathy, and to decrease the rate of diabetes-related morbidity and mortality [58,59].
These positive effects are based on the established mode of verapamil, i.e., the blockade
of L-type calcium channels resulting in a decrease of intracellular calcium level followed
by an inhibition of TXNIP transcription [19]. In this context, tissue with a high expression
level of L-type calcium channels, as the heart or the β-cells, consequently benefits from the
TXNIP inhibition and positive effects have been shown in diabetic heart disease [60,61].

A recently published exploratory study of Xu et al. assessed the potential systemic
changes in response to verapamil treatment by global proteomics analyzed by using liquid
chromatography-tandem mass spectrometry (LC-MS) and revealed positive systemic and
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cellular effects of orally administrated verapamil in TD1 subjects [57]. The initial trial
was registered by clincicaltrials.gov (NCT02372253 2/20/2015) and previous research was
published by Ovalle et al. 2018 [18]. The participants were randomized to oral verapamil
(360 mg sustained-release daily) or placebo.

In this study, focusing on continuous use of verapamil, several positive effects, such
as delayed T1D progression, promotion of endogenous β-cell function and consecutive
lowered insulin requirements by continuous verapamil application were revealed. These
positive effects were sustained for at least two years by regular application and were
lost upon discontinuation. No further follow up after two years was performed in this
exploratory trial. Therefore, the current studies point out crucial mechanistic and clinically
beneficial effects of administrated verapamil in T1D patients [57]. These positive effects
of orally administrated verapamil might be assumed by TXNIP inhibition causing β-cell
protective and anti-diabetic effects. Analyzing chromogranin A (CHGA) serum levels as
a potential therapeutic marker before and after treatment revealed a positive correlation
with loss of β-cell function, reflected changes in verapamil treatment and discontinuation
and persisted over a follow up time of at least two years. In summary, the results of this
exploratory study suggested that a continuous orally administrated verapamil treatment in
T1D individuals may lower insulin requirements and decelerate disease progression for at
least two years after diagnosis. These positive effects are associated with normalization of
CHGA levels, and anti-oxidative effects, and immunomodulatory gene expression profile
in pancreatic isles. The complex interaction is pictured in Figure 3. [57]. All these changes
might contribute to the overall beneficial effects of verapamil use.

 
Figure 3. Systemic and cellular effects of verapamil treatment in subjects with type 1 diabetes, [57].
Abbreviations: TXNIP, Thioredoxin interacting protein; IL32, interleukin 32; BCL2L2, Bcl-2-like pro-
tein2; GP2, glycoprotein2; INSIG1, insulin-induced gene1; HLA, human leucocyte antigen; TXNRD1,
Thioredoxin reductase; SRXN1, sulfiredoxin reductase; red arrow, represents upregulation by vera-
pamil; green arrow, represents downregulation by verapamil.

These reported beneficial findings have to be confirmed in larger studies and might
improve diabetes control in subjects with T1D in the future [18,57].
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3.3.3. Clinical Implications in Type 2 Diabetes (T2D)

In a retrospective population-based cohort study from the Taiwan’s National Health
Insurance Research Database, regular oral verapamil use was associated with a decreased
incidence of T2D in patients with unknown history of diabetes in comparison to a matched
group of patients treated with other CCB with an adjusted hazard ratio 0.80 [6]. These
positive findings are supported by the observational data analyses from the International
Verapamil SR/Trandolapril (INVEST) studies, which revealed a lower risk for developing
diabetes as well as the data derived from the study using the Reasons for Geographic
and Racial Differences in Stroke (REGARDS) cohort, where lower fasting blood glucose
levels were shown in patients using verapamil compared to subjects with diabetes without
CCB [25–27]. The results of both mentioned observational studies highlight the positive
effects of orally administrated verapamil as a potentially preventive agent in T2D devel-
opment. Next to these preventive aspects, positive results regarding the inhibition of
gluconeogenesis are reported in T2D patients, which contributes to improved glucose
homeostasis in T2D individuals [62].

Next to the reported studies, which have shown a lower incidence of T2D in verapamil-
treated subjects, Malayeri et al. could reveal positive effects in T2D subjects in a randomized,
double-blind, placebo-controlled trial [33]. In this study, verapamil administration showed
a better glycemic control by means of decrease of HbA1c, decrease of TXNIP expression
and increased glucagon-like peptide-1 receptor (GLP1R) mRNA providing increasing β-cell
survival [33]. Additional findings by Carbovale et al. revealed significantly lowered plasma
glucose levels in verapamil-treated subjects with T2D [63].

On this account, verapamil may serve as an effective oral adjunct therapy in combi-
nation with oral antidiabetic drugs in T2D patients in the future as it is safe, improves
glycemic control, and might preserve β-cells function as demonstrated in T1D and T2D
mouse models [21].

These previously described positive effects of orally administrated verapamil, based
on retrospective population-based and observational data analyses [6,25–27] as well as the
presented data of a randomized, double-blind, placebo-controlled trial [33], could elucidate
the positive effects of TXNIP regulation on glucose metabolism. Additionally, positive
findings were revealed by Hong et al. in mouse models of T2D, who demonstrated for the
first time new mechanistic insights and novel links between TXNIP and proinflammatory
cytokines and microRNA signaling [50]. Furthermore, latest research results by Wu et al.
revealed positive effects of verapamil use in type 2 diabetic rats on bone mass, microstruc-
ture as well as macro- and nano mechanical properties of the femur [64]. Taken together
these several positive effects emphasize the important role of TXNIP and its effects on the
pancreatic β-cell and TXNIP expression in T2D and underline through various systemic
and cellular effects its potential as an adjunctive therapeutic approach.

4. Discussion

Since loss of functional β-cell mass is one of the key aspects of diabetes in general,
different therapeutical approaches have been established in past decades in order to halt
this process [20]. Chronic increased intracellular Ca2+ levels seem to contribute to impaired
β-cell function and are associated with long term β-cell impairment. In this regard, excito-
toxicity or overnutrition and the combination of both stresses seem to play an important
role, as they might cause alterations in the β-cells transcriptome, mitochondrial energy
metabolism, fatty acid β-oxidation, and mitochondrial biogenesis [65].

Next to the current physical activity recommendations of 150 min of moderate-
intensity aerobic exercise per week resulting in optimized glycemic control in individuals
with diabetes [66,67], additional early oral verapamil usage has been reported to improve
insulin-stimulated glucose transport in skeletal muscle, resulting in optimized glycemic
control and improved insulin sensitivity.

Next to the mentioned positive effects of orally administrated verapamil on the β-cell
preservation and the improved glycemic control [31,48], several overall beneficial effects
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observed with verapamil have been illustrated [57]. In summary, in our opinion these far
reaching cellular and systemic regulatory effects seem to contribute to the positive assess-
ment of verapamil, referring to its impact on diabetes. Next to the regulating effects on the
thioredoxin system [57], in individuals with diabetes, who are predisposed to micro- and
macrovascular complications during their lifetime, the management of autoimmune-related
injury has to be focused. Verapamil promotes by regulation of the thioredoxin system
several antioxidative, anti-apoptotic and immunomodulatory interactions in the human
pancreatic islets [57]. Current scientific evidence suggests that TXNIP-targeting therapeu-
tics, such as verapamil, seem to play an important role as central regulators of whole-body
glucose homeostasis [41]; nevertheless, the basic molecular mechanisms of how TXNIP
interacts with other proteins in different cellular tissues is not fully understood. In this
context, up to now the interaction between TXNIP and glucagon is not completely under-
stood, but Thielen et al. could identify a novel orally substituted quinazoline sulfonamide,
SRI-37330, with an excellent safety profile and inhibition of TXNIP in human islets, inhibi-
tion of glucagon function and secretion, lowering hepatic glucose production and strong
anti-diabetic effects in a mouse model of T1D [68]. These reported findings on SRI-37330
are consistent with previous observations on TXNIP targeting by blockage of the L-type
calcium channels with verapamil. These positive effects for verapamil have been shown in
mouse models [19,43], in a randomized controlled trial in individuals with T1D [18], as well
as the association with reduced incidence of newly diagnosed T2D [6,25,26,42] and better
overall glycemic control in subjects with diabetes [27]. By the lack of validated clinical
approaches for detecting insulitis and β-cell decline in T1D preclinical models to diagnose
eventual diabetes and to monitor the efficacy of therapeutical interventions, ultrasound
imaging of the pancreatic perfusion dynamics revealed delayed diabetes development
by orally administrated verapamil [69]. These therapeutical strategies might provide a
deployable future predictive marker for therapeutic prevention in asymptomatic T1D
individuals [69].

Nevertheless, verapamil is a blood pressure medication and an anti-arrhythmic drug
and its TXNIP capacity is linked to its function as L-type calcium channel blocker [68].
Therefore, in our opinion the daily administrated verapamil has to be limited to certain
patient populations, especially those who tend to hypotension and left ventricular systolic
dysfunction, suffer from hepatopathy or might be predisposed for potential polypharmacy
drug interactions. These side effects might prohibit its regular clinical prescription.

Other important points that have to be mentioned are the lack of data referring to the
long-term application of verapamil, specifically in its indication as a diabetes-modifying
drug. The present exploratory studies reveal some far-reaching systemic and cellular effects
of verapamil treatment in the context of T1D [57]. Next to the described preservation
of β-cell function in the pancreatic tissue, unappreciated positive connections between
immune system, regulation of proinflammatory cytokines, lowering of CHGA in response
to verapamil use were revealed and might help to dampen the associated autoimmune
processes in T1D [57]. In our opinion, these interesting aspects contribute to the positive
overall effects of verapamil in diabetes. Nevertheless, the current scientific studies were
limited to small numbers of subjects. In this context, the VER-A-T1D trial (VER-A-T1D;
NCT04545151) as a multicenter, randomized, double-blind, placebo-controlled study will
evaluate the effect of orally administered verapamil on the preservation of β-cell function
as measured by stimulated c-peptide levels after 12 months. Furthermore, another multi-
national trial investigates the use of verapamil in children and adolescents with newly
diagnosed T1D to assess hybrid closed loop therapy and verapamil for β-cell preservation
in new onset T1D (CLVer; NCT04233034), which was initiated in July 2020 and will be
completed in September 2022. Nevertheless, the outcomes of both initiated studies and
the presented scientific research in general are limited to a small number of participants
and a short follow-up time with a lack of long-term follow-up results. Future research
and longer follow-up periods will be of great interest for the scientific community, such
as safety profile and side effects, as well as their daily practicability regarding the regular
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continuous verapamil use as a new innovative therapeutical approach. In the end the
previously described positive effects of oral adjunct verapamil administration in subjects
with T1D have to be confirmed in larger studies.

5. Conclusions

In conclusion, daily orally administrated CCB verapamil added early to standard
therapy in diabetes, mainly T1D, might contribute to establishing an effective adjuvant T1D
therapy. Inhibition of β-cells TXNIP expression seems to represent a new therapeutical ap-
proach for the future prevention and therapy of diabetes, while preserving and promoting
the person’s own endogenous β-cell function as well as optimizing overall glucose control
by reducing exogenous insulin requirements and reducing hypoglycemic risk. Next to the
mediated β-cell preservation, far-reaching positive systemic and cellular effects by daily
orally administrated verapamil use seem to dampen the associated autoimmune processes
in T1D. In patients with no history of diabetes mellitus, a decreased incidence of T2D
could be revealed in observational data analyses compared to the usage of other CCB. This
additional safe and effective novel approach might provide an adjunctive therapeutical
treatment option in the future management of diabetes mellitus and has to be confirmed in
further clinical investigation in larger patient cohorts.
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Abstract: The global prevalence of comorbid diabetes and frailty is increasing due to increasing
life expectancy. Frailty appears to be a metabolically heterogeneous condition that may affect the
clinical decision making on the most appropriate glycaemic target and the choice of the most suitable
hypoglycaemic agent for each individual. The metabolic profile of frailty appears to span across a
spectrum that starts at an anorexic malnourished (AM) frail phenotype on one end and a sarcopenic
obese (SO) phenotype on the other. The AM phenotype is characterised by significant weight loss and
less insulin resistance compared with the SO phenotype, which is characterised by significant obesity
and increased insulin resistance. Therefore, due to weight loss, insulin therapy may be considered as
an early option in the AM frail phenotype. Insulin-related weight gain and the anabolic properties
of insulin may be an advantage to this anorexic phenotype. There is emerging evidence to support
the idea that insulin may improve the muscle function of older people with diabetes, although
this evidence still needs further confirmation in future large-scale prospective studies. Long acting
insulin analogues have a lower risk of hypoglycaemia, comapred to intermediate acting insulins.
Additionally their simple once daily regimen makes it more appropriate in frail older patients. Future
research on the availability of new once-weekly insulin analogues is appealing. The goals of therapy
are to achieve relaxed targets, avoid hypoglycaemia and to focus on the maintenance of quality of life
in these vulnerable patients.

Keywords: older people; diabetes mellitus; management; insulin therapy; frailty; sarcopenia

1. Introduction

The global prevalence of diabetes is increasing, particularly, in the older age groups.
For example, 44% of people with diabetes are above the age of 65 years [1]. Frailty is an
emerging new complication of diabetes and increasingly recognised in clinical guidelines
for diabetes management [2–6]. Frailty is not a homogeneous concept and appears to have
a spectrum of different metabolic phenotypes, which may influence the choice of the most
suitable hypoglycaemic agents for an individual [6]. The metabolic spectrum of frailty
starts by the anorexic malnourished (AM) phenotype with significant weight loss and less
insulin resistance on one end, and the sarcopenic obese (SO) phenotype with excess weight
and increased insulin resistance on the other end [6]. Based on our experience in managing
older people with diabetes, we hypothesise that insulin therapy, especially the long-acting
insulin analogues, may be a good option to be introduced early in the AM phenotype
due to its anabolic effects and the possible positive benefits on muscle function and body
weight. This manuscript reviews the potential positive effects of insulin on muscle function
in older people (≥60 years of age) with diabetes, explores the hypoglycaemic safety of
insulin analogues in this population and presents a literature-based recommendation for
an early introduction of insulin in the AM frail phenotype.
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2. Methods

We undertook a literature search of the following databases: Google Scholar, PubMed
and Embase. Medical Subject Heading (MeSH) terms used were: diabetes mellitus, older
people, old age, elderly, frailty, sarcopenia, muscle function, muscle strength, muscle
mass, muscle quality, insulin, therapy, management, anabolic effects, quality of life and
hypoglycaemia, individually and in combination. Articles were reviewed for relevance by
abstract. A manual search of citations in the retrieved articles was performed in addition to
the electronic literature search. The search for articles on the effect of insulin on skeletal
muscle was limited to studies published over the last 10 years and reported clear outcomes.
The search for articles on the safety of long-acting insulin analogues in older people was
limited to studies published over the last 5 years. The inclusion criteria were: 1. Studies
that reported the impact of insulin therapy on muscle mass, strength, quality or function,
and 2. Studies that investigated the safety of long-acting insulin analogues in older people
aged ≥60 years with diabetes. The exclusion criteria were: 1. Non-English language or
non-human studies, 2. Studies with no clear outcome, 3. Studies that compared first-
with second-generation long-acting insulin analogues and 4. Case reports, review articles,
editorials, abstracts, conference proceedings or expert opinions. All articles derived from
the search enquiry were independently examined by the authors and data were extracted
from each study in a predesigned standardised information table that included author,
study design, year of publication, country of origin, participants studied, aim of the study
and the main findings. Any disagreements between authors were resolved by consensus.

3. Effects of Insulin on Skeletal Muscles

Although insulin has physiologic anabolic properties, data on the effects of insulin
on skeletal muscle mass, strength or function are limited. Insulin may have the potential
to improve muscle mass and increase body weight in frail, older people with diabetes,
especially in the AM phenotype where insulin-associated weight gain could be seen as
an advantage. Previous studies have shown that insulin can stimulate muscle protein
synthesis and anabolism in younger individuals, but this anabolic effect is blunted in older
people, which suggests that higher doses of insulin may be required to achieve this anabolic
effect in older age groups [7,8]. Through our literature search and after the application
of exclusion criteria, five studies investigated the effect of insulin on muscle function
and were included in this manuscript. Although the evidence is limited, these studies
have shown some emerging evidence that insulin may be associated with some positive
effects on skeletal muscles of older people with diabetes. (Table 1) Tanaka et al., in their
cross-sectional study of 191 older Japanese men, with a mean (SD) age of 60.2 (12.5) years,
with type 2 diabetes mellitus, found endogenous insulin to be significantly and positively
correlated with skeletal muscles mass of the upper and lower limbs [9]. Insulin levels were
also significantly lower in subjects with sarcopenia compared to those without (p < 0.05) [9].
This may suggest that the reduction in endogenous insulin plays an important role in
the pathogenesis of sarcopenia in older people with diabetes mellitus, and maintaining
endogenous insulin secretion may be important to prevent sarcopenia. Although this
study included a reasonably large sample size, it included only men and excluded patients
on insulin therapy; therefore, it was not able to draw similar conclusions for women or
investigate the effect of exogenous therapeutic insulin on skeletal muscles. Bouchi et al.,
in their retrospective analysis of 312 Japanese older patients with type 2 diabetes, with a
mean (SD) age of 64 (11) years, showed the positive effect of insulin therapy on the skeletal
muscle index. They also demonstrated an improvement of the decline in muscle mass in the
lower extremities after one year of insulin treatment compared to those not on insulin [10].
They concluded that insulin treatment could attenuate the progression of sarcopenia in
older people with type 2 diabetes. Compared to patients not on insulin therapy, those who
received insulin had a significantly longer duration of diabetes (10 vs. 6 years, p < 0.001).
It is speculated that, compared to patients who have had diabetes for a short duration,
those with a long duration of diabetes exhibit lower endogenous insulin levels, resulting
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in impaired insulin signalling in skeletal muscles and lower muscle mass [11]. Therefore,
the efficient supply of exogenous insulin could improve insulin signalling in the skeletal
muscles, promote protein synthesis and protect against the loss of muscle mass among
patients with a longer duration of diabetes [10]. Authors have also adjusted for change
in muscle mass and HbA1c and found that the protective effects of insulin treatment
on the decline in muscle mass may be independent of the improvement in glycaemic
control. This is clinically relevant as muscle mass improvement may be achieved without
tighter glycaemic control in older people with diabetes who are at an increased risk of
hypoglycaemia. The cross-sectional analysis by Cui et al. found that insulin use was
not significantly different among older people with combined diabetes and sarcopenia,
and those with diabetes but no sarcopenia (68.4% vs. 74.5%, p = 0.48), respectively [12].
However, 36 out of 132 participants did not use exogenous insulin, and fasting insulin
and HOMA-IR in the sarcopenia group were all significantly lower than those in the non-
sarcopenia group (p < 0.05). In addition, the small sample size of this study (132 subjects)
and the fact that the duration of diabetes in the sarcopenic and non-sarcopenic groups
was similar, may have attenuated the significance effect between both groups. Recently,
in the population-based KORA-Age study that included 118 older German people with
type 2 diabetes, with a mean (SD) age of 74.6 (6.2) years, insulin therapy was associated
with preserved muscle mass, but not muscle function parameters [13]. The strength of
this study was the longitudinal design with a follow-up period of three years and the
inclusion of relatively older participants with a longer duration of diabetes mellitus, with a
mean (SD) duration of 10.1 (9.9) years, but it is limited by the small number of participants
(only 20) treated with insulin. In addition, the discrepancy between the positive effects of
insulin on muscle mass compared to its effects on muscle function needs future exploration.
The most recent large prospective study conducted by Sugimoto et al., which included
588 Japanese older people with type 2 diabetes mellitus, with a mean age (SD) of 70.0 (8.0)
years, found that insulin use significantly increased skeletal muscle mass index after one
year of follow-up [14]. The strength of this study was the relatively large sample size, good
number (25.9%) of participants on insulin treatment at baseline, its longitudinal design
and the positive effect of insulin was independent of confounding factors. Although data
from the above studies have their limitations, it appears that there is emerging evidence to
suggest that insulin therapy may have some advantages on the skeletal muscle parameters
of older people with diabetes.

Table 1. Recent studies exploring effects of insulin on skeletal muscle in older people with diabetes.

Study Patients Aim to Main Findings

Tanaka K et al.,
cross-sectional,
Japan, 2015 [9].

191 men with type 2
DM, mean (SD) age
60.2 (12.5) Y.

Examine association of
muscle mass with
endogenous insulin
secretion.

A. Endogenous insulin significantly and positively
correlated with muscle mass of arms and legs as well
as RSMI (p < 0.05).
B. Endogenous insulin significantly lower in subjects
with compared to those without sarcopenia (p < 0.05).

Bouchi R et al.,
retrospective
observational,
Japan, 2017 [10].

312 patients with type
2 DM, mean (SD) age
64.0 (11.0) Y.

Examine impact of
insulin treatment on
muscle mass.

A. Insulin was protective against annual decline in
SMI (standardized β 0.195; p = 0.025) adjusted
for covariates.
B. In a cohort matched by propensity scores, insulin
significantly increased the 1-year change in SMI
compared with non-insulin-treated group; mean (SE)
2.40 (0.98%) vs. −0.43 (0.98%), p = 0.050).

Cui M et al.,
cross-sectional,
China, 2020 [12].

132 patients with type
2 DM, aged ≥65 Y.

Explore factors
associated with
sarcopenia.

A. Insulin use was not significantly different between
patients with sarcopenia and those with no sarcopenia
(68.4% vs. 74.5%, p = 0.48).
B. Metformin was significantly less used in patients
with compared to those with no sarcopenia (13.2% vs.
41.5%, p = 0.002).
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Table 1. Cont.

Study Patients Aim to Main Findings

Ferrari U et al.,
prospective,
Germany, 2020 [13].

731 (118 type 2 DM)
participants of
KORA-Age study,
mean (SD) age 74.6
(6.2) Y, F/UP 3 Y.

Investigate association
of type 2 DM and
insulin treatment with
changes in muscle
mass, muscle strength
and physical
performance.

A. DM associated with change in SMI (β −0.1 (95% CI
−0.3 to −0.02) kg/m2, p = 0.02), but not with a change
in GS (β −0.9, 95% CI −1.9 to 0.04 kg) or TUG (β −0.1,
95% CI −0.7 to 0.5 s).
B. Insulin therapy positively associated with change in
SMI (β 0.6 (95% CI 0.3 to 0.9) kg/m2, p = 0.001), but
not in GS (β −1.6, 95% CI −4.1 to 0.8 kg) or TUG (β
1.6, 95% CI −0.2 to 3.4 s).

Sugimoto K et al.,
observational
longitudinal,
Japan, 2021 [14].

588 patients with type
2 DM, mean (SD) age
70.0 (8.0) Y, F/U 1Y.

Examine relationship
between glycaemic
control and effect of
antidiabetic agents on
sarcopenia.

After 382 (53) days of F/U:
A. Frequency of sarcopenia non-significantly increased
(7.8% vs. 6.3%, p = 0.12).
B. Patients with ≥1% drop in HbA1c had significant
increase in SMI (B = 0.113, p = 0.027), gait speed
(B = 0.145, p = 0.002), but non-significant change in
handgrip strength (B = −0.005, p = 0.914).
C. Insulin use significantly increased SMI (B = 0.115,
p = 0.022).
D. Oral antidiabetic therapy has no effect on sarcopenia.

DM = Diabetes mellitus, SD = Standard deviation, Y = Year, RSMI = Relative skeletal muscle index, SMI = Skeletal
muscle index, SE = Standard error, F/U = Follow-up, CI = Confidence interval, GS = Grip strength, TUG = Timed
up and go.

4. Insulin Analogues Safety

Insulin analogues, such as insulin glargine, detemir and degludec, are structurally
altered human insulins that mimic the pharmacokinetic properties of endogenous insulin
more closely than intermediate-acting insulins. Because of the long duration of action and
the less pronounced insulin peak, long-acting insulin analogues have less risk of hypogly-
caemia especially nocturnal hypoglycaemia. The evidence of this benefit was conflicting
in earlier clinical trials [15–22]. However, most of these earlier studies predominantly
included patients under the age of 60 years, which caused it to be less powered in detecting
the efficacy and safety of long-acting insulin analogues in older age groups who are at in-
creased risk of hypoglycaemia and its severe consequences than younger people. Through
our literature search and following the application of the exclusion criteria, five studies
investigated the safety of long-acting insulin analogues in older people with diabetes and
were included in this manuscript. The recent studies that included older people with type
2 diabetes have shown some benefits of the new long-acting insulin analogues, compared
to the older human insulins (Table 2). Fujimoto et al. showed that twice-daily insulin
degludec/insulin aspart to improve daily glucose level variability, morning and evening
glucose control and quality of life (QOL) in 22 Japanese men, with a mean (SD) age of
68.0 (9.9) years, previously treated with premixed insulin [23]. However, there was no
significant difference in the incidence of hypoglycaemia before and after insulin switching.
The total and therapy-related QOL feeling scores favoured insulin degludec/insulin aspart;
whereas social, physical and daily activities scores were not significantly different. The
flexibility of injection timing and glycaemic control may explain the improvement in the
total and therapy-related feeling subscores in the QOL questionnaire. However, this study
was limited by the small sample size and the short duration of follow-up, which may
suggest that the switch in the insulin regimen might not explain all the changes in the
endpoints, and other factors, such as lifestyle changes and physicians’ motivations, might
have contributed to the results. Another limitation was that the incidence in hypogly-
caemia may have not been accurate, because the frequency of this event was calculated
based on self-measured blood glucose levels or patients’ symptoms. Lipska et al., in their
large retrospective observational study of 22,489 patients with type 2 diabetes, found that
the initiation of a basal insulin analogue (glargine or detemir) was not associated with
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a reduced risk of hypoglycaemia-related emergency department (ED) visits or hospital
admissions compared with NPH insulin. Glycaemic control was similar in both groups
after one year of follow-up [24]. However, the population included in this study were
relatively young, with a mean (SD) age of 60.2 (11.8) years. Previous studies using the
national registries in Finland that included participants of similar ages to those presented
in Lipska et al.’s study showed a significantly increased risk of hospitalisation related
to severe hypoglycaemia with the use of NPH insulin compared with insulin detemir or
glargine [25,26]. In addition, although Lipska et al.’s was a large study, only 1928 partici-
pants of the total 25,489 used insulin analogues, and despite matching on the propensity
score quintiles, some differences between the two groups remained, suggesting that the
study did not fully adjust for the confounding factors. Recently, Bradley et al. showed
that the initiation of long-acting insulin analogues was associated with a lower risk of ED
visits or hospitalisations for hypoglycaemia compared with NPH insulin in older patients
(≥65 years) with type 2 diabetes in Medicare beneficiaries [27]. The strength of this study
was the large sample size of 575,008 patients with type 2 diabetes, of an older age, with a
mean (SD) of 74.9 (6.7) years, and the fact that a large proportion of patients were treated
with insulin glargine (407,018 patients) or insulin detemir (141,588 patients). The hazard
ratio (HR) for hypoglycaemia was 0.71, 95% confidence interval (CI) 0.63 to 0.80 for glargine
vs. NPH insulin, and 0.72, 0.63 to 0.82 for detemir vs. NPH insulin. The older ages of
the participants in this study compared to the study conducted by Lipska et al., suggest
that age may have contributed to the disparity between the two studies [24]. In the post
hoc analysis, Bradley et al. observed that in participants aged 65–68 years; the use of
glargine or detemir was not associated with ED visits or hospitalisations for hypoglycaemia
compared with NPH insulin [27]. However, in older participants (69–87 years of age),
the use of long-acting analogues was associated with a reduced risk of hypoglycaemia
compared with NPH insulin. Betônico et al. demonstrated better glycaemic control and
fewer nocturnal hypoglycaemia in 34 patients, mean (SD) age 63.0 (7.0) years, using insulin
glargine compared with 16 patients, with a mean (SD) age of 60.0 (8.7) years, using NPH
insulin [28]. The importance of this study was that it included patients with chronic kidney
disease (CKD) stages 3 and 4, which is more common in older people. CKD is associated
with a slower insulin degradation, increasing its duration of action that might increase the
risk of hypoglycaemia [29]. However, because the insulin analogue has no peak action, it
showed less risk of hypoglycaemia in this population. This is clinically relevant as, with
the progression of CKD, most hypoglycaemic medications need dose reductions, and the
adjustment of these medications, in the face of renal impairment, may not be enough to
keep diabetes under control, and therefore insulin is the most effective therapy in this
situation [30]. Özçelik et al. showed that the switch from premixed and intensive insulin to
twice daily degludec/aspart insulin was associated with a significant reduction in the daily
insulin dose requirement and the incidence of hypoglycaemia [31]. The use of premixed
and intensive insulin is a complex regimen and may not be an easy option for daily life
in older people with diabetes; therefore, the switch to degludec/aspart insulin may be a
less complex regimen, as demonstrated in this study and previous studies [32]. Figure 1
illustrates the advantage of the physiological, clinical and therapeutic properties of insulin
in the AM frail phenotype.
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Table 2. Recent studies exploring efficacy and safety of insulin analogues compared with human
insulin.

Study Patients Aim to Main Findings

Fujimoto K. et al.,
prospective,
observational,
Japan, 2018 [23].

22 patients with type 2 DM,
mean (SD) age 68.0 (9.9) Y,
treated with premixed
insulin for 2 M, then
IDegAsp for next 2 M.

Investigate changes in
glucose variability and
QOL during switch
from premixed insulin
to IDegAsp twice daily.

Switching to IDegAsp from premixed insulin:
A. Improved daily glucose level variability,
morning and evening glucose control and QOL.
B. No change in day-to-day variability of morning
fasting glucose levels.

Lipska KJ et al.,
retrospective
observational, US,
2018 [24].

25,489 patients with type 2
DM initiated basal or NPH
insulin, mean (SD) age 60.2
(11.8) Y. F/Up 1.7Y.

Compare rates of
hypoglycaemia-related
ED visits or
hospitalisation
associated with
initiation of long-acting
insulin analogues vs.
NPH insulin.

A. In 1928 patients initiated on insulin analogue,
there were 39 hypoglycaemia-related ED visits or
hospital admissions (11.9 events, 95% CI 8.1 to
15.6/1000 person–years) compared with 354
events among 23,561 patients on NPH (8.8 events,
7.9 to 9.8/1000 person–years, p = 0.07).
B. Adjusted HR 1.16, 95% CI, 0.71 to 1.78 for
hypoglycaemia-related events with insulin
analogue use.
C. After one year, there was no significant
difference in glycaemic control between
both groups.

Bradley MC et al.,
retrospective, US,
2021 [27].

Medicare 575, 008 patients,
mean (SD) age 74.9 (6.7) Y
with type 2 DM, 407,018
initiated insulin glargine,
141,588 detemir,
26,402 NPH.

Examine risk of ED
visits or hospitalisations
due to hypoglycaemia
in older community
patients with type 2
DM who initiated long
acting or NPH insulin.

A. Incidence rates for ED visits or hospitalisations
for hypoglycaemia per 1000 person–years were
17.37 (95% CI 16.89 to17.84) for glargine and 26.64
(95% CI 26.01–27.3) for NPH.
B. For detemir and NPH, incidence rates were
16.69 (15.92 to 17.51) and 25.04 (24.01 to
26.11), respectively.
C. Glargine or detemir use associated with
reduced risk of hypoglycaemia compared with
NPH (HR for glargine vs. NPH 0.71, 95% CI 0.63
to 0.80, and detemir vs. NPH insulin 0.72, 0.63
to 0.82).

Betônico CC et al.,
prospective,
randomized, 2-way,
crossover,
open-label, Brazil,
2019 [28].

34 patients with type 2 DM
randomly assigned to
glargine U100 {16 patients,
mean (SD) age 63.0 (7.0) Y}
or NPH {18 patients, mean
(SD) age 60.0 (8.7) Y}.

Compare glycaemic
response to glargine
U100 or NPH in
patients with type 2
DM and CKD stages 3
and 4.

A. After 24 weeks, mean HbA1c declined from
8.86% (72.7 mmol/mol) to 7.95% (62.8 mmol/mol)
in glargine group, but increased from 8.21%
(66.2 mmol/mol) to 8.44% (69.4 mmol/mol) in
INPH group, p = 0.029.
B. Incidence of nocturnal hypoglycaemia was
3 times lower with glargine (0.5 events/patient)
than with INPH (1.5 events/patient; p = 0.047).

Ozcelik et al.,
prospective
observational,
Turkey, 2021 [30].

115 patients with type 2 DM,
group 1, 55 on premixed
insulin switched to
IDegAsp; group 2, 60 on
intensive insulin switched to
bd IDegAsp, median (IQR)
age 67.0 (62.0–69.0). Y.

Evaluate efficacy and
safety of transition from
premixed and intensive
insulin to twice-daily
insulin IDegAsp.

A. Mean (SD) rate hypoglycaemia 1.5 (0.85)/week
before treatment switch in group 1 decreased to
0.03 (0.11)/week after IdegAsp (p < 0.0001).
B. In group 2, episodes of hypoglycaemia were
0.93 (1.17)/week before treatment transition,
decreased to 0.07 (0.25)/week after IDegAsp
(p < 0.0001).

DM = Diabetes mellitus, SD = Standard deviation, Y = Year, M = Month, IDegAsp = Insulin degludec/aspart,
QOL = Quality of life, NPH = Neutral protamine Hagedorn, F/U = Follow-up, ED = Emergency department,
CI = Confidence interval, HR = Hazard ratio, CKD = Chronic kidney disease, IQR = Inter quartile range.
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Figure 1. Advantage of the physiologic, clinical and therapeutic effects of insulin in the AM frailty
phenotype. AM = Anorexic malnourished, ED = Emergency department.
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5. Insulin—Low Threshold of Therapy

The potential effect on body weight should be considered when prescribing hypogly-
caemic agents in frail older people with type 2 diabetes. For example, the use of weight
limiting agents, such GLP-1RA and SGLT-2 inhibitors in the AM phenotype, are inappropri-
ate due to the increased risk of further weight loss, dehydration, hypotension and increased
risk of falls. Acarabose is associated with weight loss, significant gastrointestinal side effects
and is less tolerated. Insulin secretagogues, such as sulfonylureas or glinides, although
they have the advantage of desirable weight gain in the malnourished frail phenotype, are
unsafe due to their high risk of hypoglycaemia. This population is also likely to have a high
prevalence of dementia, which may be associated with erratic eating patterns, and the use
of insulin secretagogues may significantly increase their risk of hypoglycaemia. Metformin
may not be a suitable choice for many patients who have renal impairments. Additionally,
pioglitazone is associated with the increased risk of lower-limb oedema, volume overload
and exacerbation of congestive cardiac failure. Insulin has always been perceived as a last
resort hypoglycaemic therapy after oral agents due to the associated side effects, such as
the increased risk of hypoglycaemia, undesirable weight gain, inconvenience of frequent
injections and the burden of blood glucose monitoring. However, in the AM phenotype
of frailty, insulin may be a preferred early stage therapy. This phenotype is characterised
by anorexia and significant weight loss. As a result, this phenotype has less insulin re-
sistance and is likely to be more responsive to insulin therapy, in comparison to the SO
phenotype that is characterised by increased insulin resistance [6]. Insulin-related weight
gain is an advantage in this frailty phenotype. It may also have the potential to improve
muscle mass and muscle function independent of glycaemic control. Therefore, in the
milder form of the AM phenotype, such as people who are still compliant with oral therapy
and nutrition, metformin, dipeptidyl peptidase-4 (DPP-4) inhibitors or glitazones can be
used as first-line therapy, mainly due to their lower risk of hypoglycaemia. However, in
patients with severe malnutrition and those less compliant with oral medications, insulin
could be the first line of therapy. Insulin therapy has been shown to produce a sustained
improvement in the well-being of older people [33]. Insulin-associated side effects, such as
the inconvenience of frequent injections, blood glucose monitoring and the increased risk
of hypoglycaemia, should be considered. The new insulin analogues appear as potentially
favourable therapy in the AM frail phenotype due to the low risk of hypoglycaemia and the
convenience of a once daily injection. In the SO phenotype, insulin therapy remains a last
resort choice due to the significantly increased insulin resistance and undesirable weight
gain in this phenotype. Metformin is the preferred first-line agent due to its cardiovascular
benefits, weight-neutral effects and a potential positive effect on frailty [34,35]. GLP-1RA
and SGLT-2 should be considered as a second-line, or first choice in patients not tolerant to
metformin, due to their advantage of inducing significant weight loss and their cardio-renal
protective effects [36]. Dipeptidyl peptidase-4 (DPP-4) is well tolerated with a low risk
of hypoglycaemia or weight gain. Acarabose can be considered as an add-on therapy, if
well tolerated. Although it can cause diarrhoea, it may have some cardiovascular benefits,
low risk of hypoglycaemia and it promotes weight loss [37]. Insulin secretagogues and
glitazones should be avoided in this frailty phenotype due to their increased risk of further
weight gain (Figure 2).
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Figure 2. Two main metabolic frailty phenotypes’ characteristics, hypoglycaemic agents and goals of
therapy. Long-acting insulin analogues should be considered as an early option in AM frail patients
with reduced and non-compliant oral intake. Weigh limiting agents should be considered as an early
choice in the SO frailty phenotype. AM = Anorexic malnourished, SO = Sarcopenic obese.

6. Insulin Use in Frail, Older People with Diabetes

The decision to choose the type of insulin does not depend on the efficacy, but is
largely based on other considerations, such as the risk of hypoglycaemia, impact on body
weight, frequency of administration, cost and accessibility [38]. Barriers to the use of
insulin, when clinically indicated, still exist at the physician, patient and healthcare system
levels. These barriers include the complexity of an insulin regimen, lack of time and
knowledge to appropriately prescribe insulin, anxiety about injections and monitoring,
fear of hypoglycaemia and the lack of support [39,40]. These barriers may result in a
significant delay in starting insulin in eligible patients [40,41]. The simplicity of the basal
insulin analogues regimen may help to improve this clinical inertia. When choosing an
insulin regimen for frail, older people with diabetes, the predictability of the glucose
lowering effect, risk of hypoglycaemia, ease of administration and simplicity, as well as
the flexibility of injection times, are important factors. Therefore, a single-dose regimen
of a basal insulin analogue can play an important role in controlling hyperglycaemia in
the AM frail, older patients. Multiple daily injections are too complex and not suitable or
frail, older people, especially those with cognitive and physical dysfunctions. Long-acting,
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peakless insulin analogues have prolonged duration of action, present less blood glucose
variability and should be administered only once daily to avoid the risk of hypoglycaemia.
Although long-acting insulin analogues may have a higher acquisition cost than basal
human insulins, their longer duration of action, predictability, less monitoring required
and once-daily injection translate into a reduced burden of care and potential cost savings.
The once-daily injection with the prolonged half-life of insulin analogues enables a flexible
dosing regimen without compromising its efficacy and safety, and provides a breathing
space and convenience for the administering healthcare workers and carers. With the single
daily dose, self-administration may still be possible in patients who develop certain clinical
conditions, such as arthritis, tremors or visual impairments. In addition, the reduced risk
of nocturnal hypoglycaemia of the long-acting insulin analogues is an important value, as
nocturnal hypoglycaemia is associated with the greatest reduction in quality of life and
is a major barrier for hypoglycaemic therapy titration [42]. In older people with diabetes,
hypoglycaemia may present less specific symptoms due to reduced autonomic responses in
old age [43,44]. Therefore, educational diabetes programmes are important for patients and
their carers. For example, in a study that delivered a diabetes educational programme to
staff in care homes, staff knowledge improved and was retained after one year, and led to
the improved quality of care for residents with diabetes [45]. It is also important to recognise
that relaxed glycaemic targets are not an assurance of a lower risk of hypoglycaemia, as
continuous glucose monitoring has unmasked frequent episodes of hypoglycaemia in older
people with diabetes and high HbA1c levels [46].

7. Goals of Therapy

In the advanced AM frailty phenotypes who have limited life expectancy, glycaemic
control with tight HbA1c should not be the focus of treatment. The goals of therapy should
be aimed at achieving the best suitable blood glucose levels that control symptomatic
hyperglycaemia and avoid side effects, especially hypoglycaemia, and focus on quality of
life, rather than long-term HbA1c objectives. Hyperglycaemia increases the risk of frailty,
probably through inducing mitochondrial dysfunction, microvascular damage, increased
inflammation and oxidative stress [47]. On the other hand, hypoglycaemia increases the
risk of frailty by inducing repeated minor subclinical cerebral injuries or recurrent falls
and fractures that may, over time, lead to functional impairment [48]. Therefore, in frail
patients with a reasonable life expectancy, the ideal short-term glycaemic control is to
avoid the wide glycaemic excursions to prolong time spent in the normal glycaemic range.
Zaslavsky et al. found a U-shaped relationship between blood glucose levels and the risk of
incident frailty with blood glucose levels <8.9 mmol/L (<160 mg/dL) and >10.0 mmol/L
(>180 mg/dL) to be associated with an increased risk of frailty (p = 0.001) [49]. The ideal
HbA1c that reduces the risk of frailty/physical dysfunction or mortality in older people
remains less clear. The U-shaped relationship reported by Zaslavsky et al. found the
HbA1c of 7.6% (59.6 mmol/mol) to be associated with the least risk of frailty [49]. Other
studies found HbA1c ≥8.0 (>63.9 mmol/mol) to be associated with a slow walking speed,
and HbA1c >7.0% (53.0 mmol/mol) with functional disability [50,51]. Similarly, in a UK
population-based cohort study of >25,000 older people (aged 80–89 years) with type 2 dia-
betes followed-up for a median of 2 years, a U-shaped relationship between HbA1c and
mortality was observed [52]. The lowest mortality was found in older people with HbA1c
of 7–7.4% (53–57 mmol/mol), compared with HbA1c of <6.0% (<42 mmol/mol) or ≥8.5%
(≥69 mmol/mol). The results from the National Health and Nutrition Examination Sur-
veys (NHANES) showed that, following a follow-up period of 8.9 years, HbA1c >8.0%
(>63.9 mmol/mol) was associated with an increased risk of all-cause and cause-specific
mortality in older people with diabetes [53]. Not only glycaemic targets, but also the choice
of hypoglycaemic agent and the physical function of the individual, appear to have had an
impact on the outcome. It was shown that a lower HbA1c (<7.0%) was associated with an
increased mortality risk, compared with moderate levels (≥7.0% <8.5%) in patients using
regimens that were associated with hypoglycaemia [54]. High levels of HbA1c were consis-
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tently associated with an elevated mortality risk in those regimens that had a lower risk of
hypoglycaemia. These data suggest that the individualisation of glycaemic targets should
consider the classes of glucose-lowering therapy, with less aggressive targets in patients
treated with agents associated with a high risk of hypoglycaemia [54]. Similarly, a recent
systematic review reported that better glycaemic control, HbA1c <7.0% (53.0 mmol/mol),
and low glycaemic variability were associated with better maintenance of physical func-
tion. Higher HbA1c 8.0–8.9% (63.9–73.8 mmol/mol) was associated with a reduction in
the composite outcome of death or functional decline in frail community-dwelling older
people with diabetes who were in need for skilled assistance or classified as nursing-home-
eligible [55]. These finding suggest that the greater the decline in function and the increase
in frailty, the higher the targets should be.

8. Future Perspectives

Clinical guidelines still consider frail, older people with diabetes as one category, and
therefore clinical practice does not characterise the metabolic profile of frailty and its impact
on glycaemic control and choice of hypoglycaemic agents [56,57]. Recently, five different
subtypes of patients with type 2 diabetes with different characteristics, insulin resistance,
disease progression and risk of diabetes-related complications were identified [58]. Future
clinical trials should consider the clear characterisation of older participants, rather than
characterisation by age alone. Although we suggested that frail, older people with diabetes
may have a wide spectrum of the metabolic profile, there is currently no research or
evidence to support this view. Another limitation of this review was that the participants
recruited to the studies included in this manuscript were of a relatively younger age, again,
due to paucity of research in older age groups. Therefore, the metabolic spectrum of frailty
and its effect on the choice of hypoglycaemic agents is another potential direction for future
research. Little is known about the effects of hypoglycaemic agents on frailty, and future
research is needed [59–64]. The anabolic properties of insulin and its effect on body muscle
needs further exploration. The current scarce evidence suggests that insulin may have a
positive effect on muscle function and attenuate the progression of sarcopenia in older
people with diabetes, but this evidence is not yet substantial or evident in older age groups.
In addition, frailty was not assessed in these studies. Therefore, future confirmation in large
prospective studies is still required. The positive effect of insulin on muscle parameters
appears to be independent of glycaemic control, which is an advantage in old age to
achieve this beneficial outcome without inducing hypoglycaemia. Prospective studies that
include muscle biopsies are also required to assess the effect of insulin therapy on muscle
quality. The new insulin analogues appear as a potentially favourable therapy in the AM
frail phenotype, as long as hypoglycaemia is avoided, but evidence is still required to
explore its effect on muscle function and whether it can delay the progression of frailty to
disability. The current research on the use of once-weekly insulin injections is an appealing
convenience choice for frail, older people with diabetes, and may further encourage the
early introduction of insulin in this vulnerable group of patients [65].

9. Conclusions

Frail, older people with diabetes appear to have a heterogeneous metabolic spectrum
that clusters at an anorexic malnourished (AM) phenotype at one end and a sarcopenic
obese (SO) phenotype at the other end. The use of oral hypoglycaemic medications in the
AM phenotype may be limited by organ dysfunction and polypharmacy. In addition, the
new agents of GLP-1RA and SGLT-2 inhibitors may not be suitable in this frailty phenotype
due to their side effects of further weight loss, dehydration, hypotension and increased
risk of falls. Therefore, insulin use may be considered as an early option in this group of
vulnerable frail patients. The long-acting insulin analogues appear as safer options due to
their low risk of hypoglycaemia and the convenience of single daily administration. The
side effects of insulin-induced weight gain may be an advantage in this frailty phenotype.
Insulin-related anabolic properties and its potential positive effect on muscle function is
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another advantage, although this important effect still needs further exploration in future
large prospective studies. The goals of therapy in this frailty phenotype should maintain
a relaxed glycaemic control, avoid hypoglycaemia as much as possible and focus on the
maintenance of good quality of life.

10. Key Points

• Frailty and sarcopenia are newly emerged diabetes-related complications in older
people with diabetes.

• Frailty appears to be metabolically heterogeneous with anorexic malnourished (AM)
phenotypes at one end, and sarcopenic obese (SO) phenotypes at the other end of
the spectrum.

• The AM phenotype is likely to be less tolerant to oral hypoglycaemic therapy due to
multiple comorbidities and organ dysfunction.

• Insulin therapy, especially long-acting insulin analogues, are an early option in the
AM phenotype.

• Insulin may have positive effects on muscle function in this frail phenotype, although
future confirmation studies are required.
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Abstract: The causes and metabolic consequences of lipohypertrophy (LH) from incorrect insulin in-
jection techniques have been well-known for a long time and are the subject of countless publications.
However, only some researchers propose structured research modalities for LH and programs to teach
patients how to prevent them and minimize their effects, thus contributing to complete rehabilitation.
Experts and scientific societies have produced consensus documents and recommendations to spread
the culture of LH and its complications among clinicians. However, they should go deeper into
LH detection methods. This short article analyzes the recent literature on the best way to explore
and find more or less evident LH lesions by using a structured and validated clinical methodology
to benefit the many clinicians without access to technological equipment such as ultrasonography.
This text also aims to bring awareness that since the last published recommendations on injection
techniques, new needles for insulin injection, more technologically advanced and suitable for specific
populations, have come to market but still need a thorough evaluation.

Keywords: diabetes; insulin; lipodystrophy; injection technique; clinical detection; recommendations;
rehabilitation

1. Introduction

From the onset of insulin in the last century, it was immediately apparent that the daily
injections necessary to administer it involved local skin complications such as subcutaneous
lipoatrophy (LA) [1] due to impurities of the first insulin preparations and to related
immune-allergic reactions [2]. Today, technology makes it possible to inject extremely
pure insulin preparations without the devastating atrophying effects of the early insulin
era. However, today, a further variant of insulin injection lipodystrophy (LD), the skin
lipohypertrophy (LH), is present in numerous patients on multi-injection therapy [3]. From
a purely descriptive point of view, therefore, with the term “lipodystrophies” we mean
both forms of skin atrophy (LA) and hypertrophy (LH). The former lesions are now rare
and represent less than 5% of all LDs. At the same time, the latter is much more frequent,
being the main local complication of insulin injections [2]. LH is due to the anabolic action
of insulin and in addition to the systematic puncture of narrow areas of the skin (usually
an extension comparable with that of a credit card), reusing the same needle several times,
injecting cold insulin, and using too long and thick needles [2,4,5].

The phenomenon of LH due to incorrect injection technique is well-present in the
literature. Its diffusion concerns just under 50% of all subjects in multi-injection therapy
with insulin [6–8], but with wide variations in frequency, linked to the research method,
too often approximate, and the lack of healthcare provider experience or structured identi-
fication method [9–12]. In reality, this is a gap in scientific research. Indeed, when going
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through leading literature banks (e.g., Scopus and PubMed), we find numerous scientific
articles describing case histories with and without LH and clinical cases of subjects with
LD without giving due relevance to the identification method [13,14]. A sure cornerstone
of literature concerns the comparison between manual and ultrasound research of LH,
which undoubtedly decrees the diagnostic superiority of ultrasonography over manual [15].
However, due to the high number of patients self-injecting insulin, the equipment and
dedicated personnel costs, and the time required for each examination, ultrasonography re-
mains confined to the scientific field. Indeed, ultrasonography is unsuitable for widespread
clinical use, especially in specific care settings such as outpatients or economically disad-
vantaged and developing countries [16]. Nevertheless, some handy yet evidence-based
methodological indications at the clinical level may be helpful (Table 1) [13,14,16–18].

Table 1. Methodological indications on how to manually search for skin LH.

CORRECT LH SEARCH SEQUENCE

1 Have the patient indicate all skin areas where he or she injects the insulin
and examine all of them

2 Conduct the exam in a well-lit environment, preferably with natural light

3 Examine the patient supine without clothing and then in a
standing position

4 Rotate the standing patient to take advantage of the incidence of light
bringing out LH profile and elevation

5 Ask the patient to get muscles relaxed during the examination

6
Perform superficial palpation of the injection sites, passing the examining

hand over and over again, looking for nodules or pasty areas of greater
consistency than the surrounding skin

7 Repeat the palpation as described above, with more force to sense any
deeper LH

8

Perform the pinching maneuver, taking a flap of skin between the index
finger and thumb, to evaluate the thickness of the skin fold and compare it

with nearby areas that are not affected by the injections: the LH is
recognizable by a greater thickness of the fold

9 The set of previous findings allows us to describe an area of skin
containing an LH

10 The LHs can be small or several centimeters large, protruding on the skin
or flat; their recognition by sight alone risks not identify clear palpable LHs

11
Show identified LHs to the patient, explain why they form, what metabolic

consequences they entail, and why the need to correctly perform the
insulin injection

12
Give precise and motivated indications on how to correctly inject insulin

(injection site rotation, no reuse of the same needle, insulin at room
temperature, use of short and thin needles as recommended)

13
Skin examination (e.g., acanthosis nigricans, insulin injection or insertion

sites, lipodystrophy) is a component of the comprehensive diabetes
medical evaluation at initial and annual visits, besides every follow-up

If errors in insulin injection technique cause LH, recommendations on correct injection
techniques are critical for current treatment and rehabilitation in case of marked LH-related
glucose variability. In Italy, an intercompany study group of AMD (Italian Medical Associa-
tion of Diabetologists) and OSDI (Italian Association of Nurses on Diabetes) [19] published
recommendations on optimal insulin injection techniques in 2016, and similar recommen-
dations were published shortly after, resulting from the conclusions of an international
meeting of a panel of experts from 52 countries, held in Rome in 2015 [20].
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Those conclusions are substantially similar and confirm the need for:

1. A preventive search for LH to avoid injecting insulin into them;
2. Constant injection site rotation ensuring a distance of at least 1 cm between two

successive injections and utilization of the entire surface of injection areas identified
in the abdomen, external and rear sides of the arms, upper external side of the thighs
and buttocks;

3. Single use of each pen needle (1 needle = 1 injection);
4. Choice of 32 G × 4 mm needles even in overweight and obese subjects;
5. Proper insulin storage;
6. Ice-cold insulin avoidance;
7. No skin massage after the injection;
8. No injection through clothing;
9. Thorough hand and skin hygiene;
10. No pinch maneuver or acute angle needle inclination at the time of injection.

In 2017, the Italian AMD-OSDI study group updated the recommendations on injec-
tion techniques, also considering pregnant women and insulin pump (CSII) users. Their
document suggested lateral areas of the abdomen in the first months and advised against
using the whole abdominal area in the following months in pregnant women. For CSII
users, it recommended an effective needle insertion site rotation and the choice of needles
guided by the specialist care team [21]. ADA Standards of Medical Care in Diabetes—2022
accurately echoed the conclusions of such documents [17]. In particular, this document
refers to the 2016 recommendations [20] and suggests skin examination as an inescapable
component of the comprehensive diabetes medical evaluation at initial, follow-up, and
annual visits. Furthermore, the ADA document considers the 4 mm and 32 G needles
proposed in the 2016 document as the reference needle for obese subjects in the absence of
evidence for subsequent shorter and thinner needles.

Indeed, 4 mm/33 G and 3.5 mm/34 G needles came to the market after the 2016
consensus was published. Two studies evaluated small cohorts of insulin-treated subjects
for their non-inferiority to 4 mm/33 G and 3.5 mm/34 G in terms of (i) patient satisfaction,
(ii) pain sensation at treatment start, (iii) bruising, (iv) insulin leakage, (v) variations in
fructosamine, and (vi) fasting and post-meal glucose levels [22,23]. In essence, the effects of
the two needle types are substantially overlapping, with only a slightly increased effort
perceived by patients at pressing the button that is used to have insulin flowing through
the needle due to reduced gauge (G). ADA experts did not consider these papers, probably
due to the few cases they examined. However, 3.5 mm needles could be helpful in selected
populations. The latter might include young children, skinny adults, pregnant women,
and hemodialyzed subjects who are often malnourished and underweight and quickly
develop LH [24]. These subjects could successfully use ultra-short needles to avoid the risk
of intramuscular injections related to their ultra-thin subcutaneous adipose tissue.

However, using excessively thin needles requires an extra effort to press the pen button
when injecting insulin, thus eventually causing trouble to older people with hand problems.
Indeed, the elderly’s hands are often home to arthrosis, arthritis, carpal tunnel syndrome,
or, especially in North-European men, thickening of the palmar aponeurosis (Dupuytren’s
disease). Such abnormalities are easily diagnosed through an accurate physical examination
and by asking the patient to write down a short sentence or to perform the tabletop test (i.e.,
placing fingers flat on a table). They prevent patients from pressing the pen button long
enough to complete the full insulin dose injection and keep it pressed ten more seconds
after that, as expected to avoid any drug leakage.

A further, too often disregarded issue is the need to add details in electronic medical
records concerning LH presence, site, size, texture, and degree of projection on the skin
surface, if so ever. Such a habit could let patients and healthcare providers follow up on
LH changes and monitor the effectiveness of educational efforts over time by comparing
progressive lesion improvement with metabolic parameters, including glucose time-in-
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range and variability, which are well-known risk factors for chronic diabetes complications
worsening (Figure 1 and Table 2).

Figure 1. Body image suitable for LH site and size recording over time. Panel (A): no LH is present.
Panel (B): a large abdominal LH is present. Panels (C,D): the LH size progressively decreases
during follow-up.

Table 2. LH features recording grid. Tick the box accordingly.

LH
Features

Right
Arm

Left Arm
Right
Thigh

Left Thigh
Right Hemi-
Abdomen

Left Hemi-
Abdomen

Right
Buttock

Left
Buttock

Present
>4 cm
<4 cm

Protruding

Flat
Hard-elastic

Soft
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Another handy and practical tool allowing the clinician to efficiently monitor lesions
could be a digital checklist of actions to be taken for LH detection and follow-up. It should
be included in each patient’s medical record with a popup alert periodically encouraging
the clinician to verify injection site conditions. A similar recording method could also
help take note of educational activities performed and the patient’s ability to accordingly
act. For instance, healthcare providers should preliminarily check whether or not an
individual patient can perpendicularly insert the needle in the pen so that the inner side of
the needle does not bend and correctly penetrates the insulin reservoir rubber cap, which is
a prerequisite for easy and reliable fluid flow into the skin at the time of injection.

Diabetes-related clinical records should include a detailed checklist devoted to all
actions needed to identify LH in insulin-treated patients, as follows:

• Are you sure the explanations you gave to your patient when prescribing insulin
were exhaustive and sufficiently clear to let him/her understand how to correctly
perform injections?

• Did you explain to him/her how the insulin pen works?
• Did you show him/her how to insert the needle on top of the pen?
• Did you show him/her how to hold the pen at the time of injection?
• Did you provide him/her a chart or cartoon displaying clear indications of the best

injection site selection?
• Did you give him/her clear information concerning the importance of selecting the

correct needle length and inserting it onto the skin surface at a correct angle?
• Did you tell him/her how to store insulin and avoid ice-cold insulin injections?
• Did you tell him/her that too long needles pose him/her a risk of reaching the muscle

tissue below the subcutaneous layer in the case of thin areas, and intramuscular injec-
tions make insulin absorption faster, thus often causing unexpected hypoglycemia?

• Did you take enough time to show him/her the best way to perform injection site
rotation within separate skin areas?

• Did you explain to him/her the appropriate distance to keep among injection sites?
• Did you stress the importance of pressing the pen button for at least 10 s before taking

the pen out of the skin enough?
• Did you repeatedly mention that disposable needles are to be used only once and

then discarded?
• Did you remind him/her that, when repeatedly using the same injection site, he/she

might give rise to skin nodules causing insulin absorption abnormalities with consequent
large blood glucose variability, poor diabetes control, and ever-increasing insulin?

• Did you explain to him/her, especially when insulin-treated for a long time, that
it is necessary to self-palpate the skin area in search of nodules and to avoid them
if present?

• Did you make sure that, besides understanding all the information pills provided,
he/she has taken the habit of correctly putting into practice the teachings you have
told and shown so far?

It is easy to check all the abovementioned education elements by simply asking the
patient to perform one or more injections in the presence of the diabetes team members
and correct any errors in execution.

All insulin-treated subjects should undergo education sessions, including extensive
retraining, regularly and at least annually [4,8,18], without forgetting to verify acquired
habits in terms of the correct sequence of actions required to appropriately handle, store,
and inject insulin.

Indeed, only regularly occurring meetings meant to verify the correct sequence of
insulin injection-related actions may yield reliable long-term therapeutic results, thus pre-
venting the worthlessness of the relentless ongoing technological advances in pen and
needle engineering and progress in pharmacology/biotechnology in pursuit of progres-
sively more “physiologic” and pure insulin preparations. All the above reflect practical
economic considerations but are also better for health and are especially meant to improve
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the patient’s quality of life as much as possible. Indeed, a steadily correct injection habit
not only avoids the ever-increasing costs of insulin spoiled by intranodular trapping but
also improves glucose control and dramatically reduces hypoglycemic events [4,8,18]. Our
daily experience has been supported by experimental data so far. It provides us with a solid
motivation to go on with what initially was a vast educational effort and gradually became
routine. Indeed, now we feel fully rewarded by our patient’s satisfaction with his/her easily
perceived better quality of life. Should such a miracle happen, insulin-treated subjects
would no more exchange their serene awareness of a present free of sudden, unexpected,
and frightening hypoglycemic events and a future free of complications with a painless
injection performed into an almost insensitive, denervated lipodystrophic nodule.

At present, while waiting for such a dream to come true in most diabetes wards
worldwide, it is of utmost importance that healthcare teams verify that patients perform
self-palpation efficiently enough to detect LHs and, after that, always choose healthy skin
sites when injecting the drug, considering the possible “unintentional” choice of painless
lesioned areas.

In conclusion, we underline the need for (i) a more careful, systematic, and structured
search for cutaneous LH related to injection technique errors; (ii) care teams systematically
searching for LH and teaching patients how to recognize and avoid LH while injecting
insulin; (iii) updated guidelines and recommendations on correct injection techniques in
the light of recent advances in insulin needle technology; and (iv) education of patients
ignoring those documents and only trying to avoid discomfort at the time of injection [25,26].
Given the unstoppable growth of the population with diabetes—also due to the increase
in the number of post-COVID-19 cases [27]—all what mentioned above is necessary and
urgent to prevent the most potent available drug from being nullified and to avoid chronic
diabetes complications by improving treatment effectiveness in people on multiple injection
regimens. One hundred years have passed since the introduction of insulin into therapy,
and some questions spontaneously arise: will all this be enough? Will it take another 100
years to solve the problems of insulin-induced LH [28]?

Finally, an additional interesting element to consider is the LH-inducing potential of
non-insulin-containing anti-hyperglycemic drug preparations, if so ever. Indeed, such a
theme deserves attention, in our view, because no investigators systematically explored
it so far, and, what is even more intriguing, such injections would lack insulin’s anabolic
effects, which have been listed for years among typical LH contributing factors. To the best
of our knowledge, only one paper related to that issue was published by our group some
years ago, dealing with a formulation containing a once-weekly long-acting exenatide, i.e.,
a glucagon-like peptide-1 receptor agonist (GLP-1RA), repeatedly injected into the same
skin site, as reflected by Figure 2 [29].

Possible LH-inducing effects of mixed basal insulin-GLP-1RAs also warrant investi-
gation. Therefore, the scientific community is responsible for fostering awareness of the
negative long-term consequences of careless injection habits to improve knowledge in the
field and perform adequate, effective prevention and treatment measures.
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Figure 2. Ultrasound image of multiple nodules found 8 weeks after repeated subcutaneous injections.
Formulation performed within a small skin area within the arm. Nodules displayed hypoechoic
patterns with hyperechoic borders ([29], modified).

2. Summary Points

1. Lipohypertrophy (LH) due to incorrect injection technique is widespread, underdiag-
nosed, and mainly ignored by clinicians.

2. We have national and international recommendations on correct injection techniques,
but LH is, nevertheless, ubiquitous.

3. A call to action is needed to implement the culture of LH and its complications.
4. Recommendations must take into account advances in technology, and new research

is needed to prove the usefulness of the new devices.
5. It is necessary to implement structured clinical diagnostic paths for the identification of

LH, especially in care settings without ultrasonography, an unsuitable and expensive
method for population and screening studies.
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Abstract: Nocturia is a common disease in patients with type 2 diabetes mellitus that can reduce
the quality of life. Sodium glucose co-transporter 2 (SGLT2) inhibitors increase the urine volume
and are often discontinued when polyuria occurs, although tofogliflozin, which has a short half-
life in the blood, may improve nocturia by managing hyperglycemia and hypertension, without
aggravating nocturia. As excessive sodium intake worsens nocturia and increases urine volume,
sodium restriction is also effective in managing nocturia. This multicenter, open-label, randomized
parallel-group trial will examine 80 patients with type 2 diabetes who experienced nocturia. After the
baseline examination, the patients are randomly stratified into two groups and receive tofogliflozin
treatment with or without sodium restriction for 12 weeks. The primary outcome is nocturia frequency
at 12 weeks. The secondary outcomes are the frequency of daytime urine, changes in urine volume,
and changes in home blood pressure.

Keywords: type 2 diabetes; sodium glucose co-transporter 2 (SGLT2) inhibitors; nocturia; sodium intake

1. Introduction

1.1. Background and Rationale

Nocturia is a condition of waking up at night to urinate one or more times during the
night [1]. The frequency of nocturia in Japan increases with age, reaching 83.8% in men and

Diabetology 2022, 3, 620–633. https://doi.org/10.3390/diabetology3040048 https://www.mdpi.com/journal/diabetology
129



Diabetology 2022, 3

76.6% in women in their 60s [2]. Nocturia is caused by several factors, including nocturnal
polyuria, cystourethral disturbance, sleep disturbance, and cardiovascular disease, and either
one or a combination of these factors may be involved. In addition to age, diabetes mellitus,
hypertension, stroke, heart disease, and obesity have been associated with nocturia [3–8].
Approximately 40% of patients with diabetes arise more than twice at night to void [9]. In our
KAMOGAWA-DM cohort study [10], according to a questionnaire survey on the frequency of
nocturia conducted in 396 patients, 80% had nocturia more than once, while 40% had nocturia
more than twice. Nocturia is a common condition in patients with diabetes.

In addition, Hashimoto et al. [11] reported that sleep disorders were a major cause of
poorer quality of life (QOL) in Japanese patients with type 2 diabetes (T2D), and more than
half of them were frequently awakened by the urge to void. Nocturia is a risk factor for
fractures and decreases the survival rate [12].

Sodium glucose co-transporter 2 (SGLT2) inhibitors can improve glycemic control,
glycemic variability, and fat loss, as well as prevent heart and renal failure [13,14]. How-
ever, concerns have been raised regarding the adverse events of SGLT2 inhibitors, not only
dehydration and urinary tract infection, but also polyuria [15]. In fact, frequent uri-nation
and polyuria have been the primary reasons for the discontinuation of SGLT2 inhibitor
treatment [16].

One SGLT2 inhibitor, tofogliflozin, which has a short half-life, promotes urinary
glu-cose excretion during daytime without worsening nocturia [17] and may improve
hyper-glycemia and hypertension. As sodium retention exacerbates nocturia by causing
non-dipping nocturnal hypertension, SGLT2 inhibitors with a short half-life could im-prove
nocturia by increasing the daytime excretion of sodium [18].

Therefore, to correct and prevent the worsening of nocturia, not only medication but
also restriction of dietary salt intake should be considered. Reduction in sodium intake can
decrease the frequency of nocturia, nocturnal urine volume, and nocturnal polyuria index;
patients with nocturia accompanied by nocturnal polyuria should control their sodium intake.

The observational study in Japan, nocturia volume, the frequency of nocturia, and
nocturnal polyuria index were evaluated after 12 weeks of dietary guidance in patients
who experienced one episode of nocturia, exceeding the maximum daily salt intake (8 g for
men and 7 g for women). This study reported that nocturia frequency, urine volume, and
nocturnal polyuria index improved in the group of participants who had been successful
in restricting salt intake [19,20].

As mentioned above, various factors constitute nocturia, such as nocturnal hypergly-
cemia, excessive salt intake, and nocturnal hypertension; in particular, non-dipper-type
nocturnal hypertension and heart failure are the risk factors for nocturia [21–23].

Nocturia should be managed with both medication and salt intake restriction in order
to correct and prevent the exacerbation of nocturia; however, no study has evaluated the
effect of a combination of salt intake restriction and SGLT2 inhibitor treatment on nocturia.
It would be significant to examine the effect of tofogliflozin, an SGLT2 inhibitor with the
shortest half-life, on nocturia in patients with T2D, and whether tofogliflozin treatment
could be effective in combination with sodium restriction.

1.2. Objectives
1.2.1. Primary Objectives

The primary aim of this study is to evaluate the effect of tofogliflozin on nocturia
in patients with T2D and to examine the efficacy of tofogliflozin with or without dietary
sodium restriction on nocturia at 12 weeks after interventions.

1.2.2. Secondary Objectives

The secondary aim of this study is to assess below items at 12 weeks after interventions.

1. Frequency of urination during the day
2. Change in ratio of urinary volume at night to 24 h
3. Change in urine volume at night
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4. Change in urine volume during the day
5. Change in total urinary sodium excretion and other urinalysis
6. Change in the results of blood tests
7. Change in home blood pressure at night
8. Change in body composition test
9. Change in questionnaire score (The Diabetes Treatment Satisfaction Questionnaire, sta-

tus version, DTSQs score; Diabetes Diet-Related Quality of Life Revised, DDRQOL-R;
Brief-type Self-administered Diet History Questionnaire, BDHQ; Core Lower Urinary
Tract Symptoms score, CLSS)

10. Incidence of adverse events and diseases

2. Methods

2.1. Trial Design

This is a multicenter, open-label, randomized parallel group trial [Efficacy of dual
therapy of TOfogliflozin and dietary instruction of sodium restriction in T2D patients
with nocturia: A multicenter open-label randomized controlled superiority trial of the
availability to reduce nocturnal urination frequency (TOP-STAR Study)] (Figure 1). Eighty
patients with T2D and nocturia will be included in the study and randomly stratified into
two groups.

Figure 1. Study design of TOP-STAR study.

2.2. Eligibility Criteria, Recruitment, and Sample Size

Inclusion and exclusion criteria were established according to the study objectives and
to ensure participant safety (Table 1).

This study will be conducted in 18 research institutions. In the previous study [20], the
frequency of nocturia improved from 2.3 ± 0.9 times per day at baseline to 1.4 ± 1.0 times
per day after 12 weeks in the group of participants who were successful in restricting salt
intake. In the group of participants who were not successful in restricting salt intake, the
frequency of nocturia did not improve (from 2.3 ± 1.1 days at baseline to 2.7 ± 1.1 days
after 12 weeks). In this study, the frequency of nocturia was 2.3 ± 1.0 days in both groups
at baseline, it remained unchanged (2.3 ± 1.0 days) in the tofogliflozin monotherapy
group, and it was 1.3 ± 1.0 days in the combination group that received sodium restriction
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guidance after 12 weeks. Under these conditions and at a significance level of 5% in
both groups, 10,000 tests were required to determine the differences in nocturia frequency
between the groups after 12 weeks as shown in the results of Poisson regression analysis
using data assuming a Poisson distribution. Therefore, the minimum number of patients
required for this study was 36 patients per group. In addition, assuming a dropout rate of
10% during the study period, the target number of participants to be enrolled in this study
was 40 patients per group or 80 patients in two groups.

Table 1. Inclusion and exclusion criteria.

Inclusion criteria

Patients with all of the following criteria will be considered

1 Patients with type 2 diabetes

2 Patients with nocturia more than once

3 Male and female between the ages of 20 and 90 at the time of obtaining consent

4 Patients who provide their consent in a written form

Exclusion criteria

Patients who meet any of the following criteria are not eligible to the study

1 Patients who use SGLT2 inhibitor at least 3 months prior to giving their content

2 Patients who have already been instructed by a nutritionist of sodium-restriction

3 Patients with an estimated sodium intake of less than 6 g/day by urinalysis at the time of
obtaining consent

4 Patients for whom tofogliflozin is contraindicated

5 Patients whose HbA1c is 10.5% or higher within 3 months

6 Patients with eGFR less than 15 mL/min/1.73 m2 or serum creatinine higher than 3.5 mg/dL
or with hemodialysis

7 Patients with low blood pressure (less than 100/60 mmHg)

8 Patients with unstable hypertension

9 Patients with activities of daily living (ADL) of PS2 or higher

10 Patients with heart failure classified as New York Heart Association (NYHA) category III or IV

11 Patients being pregnant or planning to become pregnant.

12 Patients suffering from cancer. However, the treatment has been completed and/or the cancer
has not recurred and/or is becoming apparent

13 Patients with anemia (Hb is 10 g/dL or less) caused by primary diseases other than diabetic
nephropathy

14 Patients with hypoalbuminemia (serum albumin is 3.5 g/dL or less) caused by primary
diseases other than diabetic nephropathy

15 Patients with nephrotic syndrome (less than 3.0 g/dL of serum albumin and more than 3.5
g/day of urinary protein) due to primary disease except diabetic nephropathy

16 Patients judged to be non-adherent by the attending physician

17 Patients who require substitute to obtain consent

18 Patients deemed inappropriate by the attending physician

2.3. Interventions
2.3.1. Random Grouping and Intervention Description

The participants are randomly assigned in different groups [Group A: standard treat-
ment group]. Randomisation will be provided by a computer-generated program at the
EviPRO Holdings Inc. (Tokyo, Japan). The study participants are administered with to-
fogliflozin 20 mg orally once a day before or after breakfast. The duration of tofogliflozin
administration is 12 weeks (9–14 weeks) [Group B: group with dietary sodium restriction].
In addition to the oral administration of 20 mg of tofogliflozin once a day before or after
breakfast, a nutritionist provides instructions on sodium restriction. The duration of to-
fogliflozin treatment is 12 weeks (9–14 weeks). SGLT2 inhibitor treatment is initiated on
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day 0 of the observation period. The study participants are requested to visit the research
institutions at weeks 0 and 12, in addition to the date of obtaining consent.

2.3.2. Details of Instruction on Sodium Restriction

The nutritionist provided dietary instructions, with a target sodium intake of 6 g/day.
In addition, for both groups, the target weight and amount of energy and protein in the
diet were based on the nutritional guidelines that the patients received.

2.3.3. Details of Other Dietary Instruction

In both groups, the patients are instructed to stay properly hydrated to prevent
dehydration (avoid excessive drinking or excessive water conservation).

Energy level: 25–35 kcal/kg/day for physical activity multiplied by the target weight.
Protein restriction: 0.8–1.0 g/kg/day (stage 3 diabetic nephropathy) and 0.6–0.8 g/kg/day

(stage 4 diabetic nephropathy).

2.3.4. Observation Items

A baseline examination will be conducted prior to the intervention. The observations
and schedules are presented in Tables 2 and 3. Generally, research participants will visit the
research institution and undergo blood and urine tests at every visit.

Table 2. Observation items.

1. Eligibility information

Observation point At consenting and enrollment

Observation item Inclusion criteria, exclusion criteria, gender, age, date of giving consent

2. Background information

Observation point At consenting, enrollment, or week 0

Observation item

Gender, age, height, weight, body mass index, duration of diabetes,
presence of comorbidities (presence/absence of
macrovascular/microvascular complications, renal disease, hepatic
disease, hypertension, dyslipidemia), and history of illness (history of
cardio-cerebrovascular disease)

3. Medication information

Observation point Week 0 and week 12

Observation item Medications for diabetes, daily dosage, and other concomitant medication

4. Blood tests (fasting)

Observation point Week 0 and week 12

Observation item

Red blood cell count, white blood cell count, hematocrit, hemoglobin,
estimated plasma volume, blood platelet count, hepatic enzymes (AST,
ALT, serum albumin, LDH, gamma-GTP, ALP), UA, BUN, Cre, eGFR,
T-Chol, HDL, LDL, TG, serum Na/K/Cl, HbA1c (or glycoalbumin), and
plasma glucose

5. Special blood tests (fasting, using residual sample of “6 blood tests”)

Observation point Week 0 and week 12

Observation item Total ketone body, beta-hydroxybutyric acid, acetoacetic acid, and plasma
metabolome++

6. Urine tests (total)

Observation point Week 0 and week 12

Observation item Specific gravity, pH, protein, glucose, ketone body, occult blood, bilirubin,
urobilinogen, u-mAlb, U-Cre, and U-Na/K/Cl

7. Body composition test (optional test)

Observation point Week 0 and week 12

Observation item Skeletal muscle mass, skeletal muscle mass to total body weight ratio, and
fat mass
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Table 2. Cont.

8. QOL score (questionnaire to whom the participants directly answer)

Observation point Week 0 and week 12

Observation item

• The Diabetes Treatment Satisfaction Questionnaire, status version
(DTSQs) score. DTSQs are questionnaires used for measuring the
patients’ satisfaction to treatments specific for diabetes mellitus, are
implemented worldwide, and consists of 8 questions.

• Diabetes Diet-Related Quality of Life Revised (DDRQOL-R) This
questionnaire consists of nine items. It is used to determine the
diabetic patients’ level of satisfaction regarding their diet and
quality of life in relation to the changes in their dietary habits.

• Brief-type Self-administered Diet History Questionnaire (BDHQ) A
questionnaire designed to quantitatively and precisely examine the
status of nutrients and food intake.

• Core Lower Urinary Tract Symptoms score (CLSS). It is a 10-item
questionnaire developed in Japan to investigate significant urinary
tract symptoms.

9. Other items that the participants should measure on their own: Urinary diary

Observation point

Week 0: conducted within 7 days after obtaining consent until the
observation period week 0. Urine volume will be measured for 3 days;
week 12: conducted within 7 days before observation point week 12.
Urine volume will be measured for 3 days.

Observation item
Time of going to bed, time of waking up, time of urination, frequency of
urination, volume of urine, and alcohol consumption
The study participants store urine using a measuring cup.

10. 24 h urine collection test

Observation point Week 0 (24 h before the observation point) and week 12 (24 h before the
observation point)

Observation item

Time of going to bed, time of waking up, volume of urine, volume of
urine at night, plasma glucose, urinary creatinine excretion for 24 h, and
urinary sodium excretion for 24 h
The study participants store urine using a measuring cup and dispense a
small portion of this urine into a spit.

11. Home blood pressure at night

Observation point

Week 0 (5 days before observation point. Urine volume will be measured
3 times a day for 3 days), week 12 (conducted within 7 days before
observation point week 12, 3 times each day)
Conducted in a period that is different from the urinary diary period

Observation item

Home blood pressure at night: The participants measure their blood
pressure three times at night using an upper arm blood pressure monitor
(Omron HEM-9601T) (automatic measurement). The participants record
the results in their diaries.

12. Adherence to research medication regimen and sodium restriction

Observation point Week 12

Observation item
The research physician conducts an interview to collect data regarding the
patient’s medication status and adherence with sodium restriction, and
record the collected data in the CRF.

Additionally, nocturnal home blood pressure measurements will be taken three times a
day for five days. Next, the urinary frequency will be recorded for 7 days, and urine volume
will be measured using a measuring cup for 3 days. In addition to the blood and urine
tests, scores on the Japanese version of the Diabetes Treatment Satisfaction Questionnaire,
status version (DTSQs) score, Diabetes Diet-Related Quality of Life Revised (DDRQOL-R),
Brief-type Self-administered Diet History Questionnaire (BDHQ), and Core Lower Urinary
Tract Symptoms score (CLSS) will be assessed using a patient questionnaire. DTSQs
are questionnaires used for measuring the patients’ satisfaction to treatments specific for
diabetes mellitus, are implemented worldwide, and consists of 8 questions [24]. DDRQOL-
R consists of nine items. It is used to determine the diabetic patients’ level of satisfaction
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regarding their diet and quality of life in relation to the changes in their dietary habits [25].
BDHQ designed to quantitatively and precisely examine the status of nutrients and food
intake [26]. CLSS is a 10-item questionnaire developed in Japan to investigate significant
urinary tract symptoms [27].

Table 3. Observation schedule.

Observation Items Enrollment Baseline Week 0 *1
Week 12 (Week 9–14)

or at
Discontinuation *2

Obtaining consent �
1© Eligibility information �
2© Background information �
3© Medication information � �
4© Blood tests � �
5© Special blood tests � �
6© Urine tests � �
7© Body composition � �
8© Questionnaire � �
9© Urination log � �

10© 24 h urine collection � �
11© Nocturnal home blood
pressure � �
12© Compliance with drug
regimen/Compliance with
sodium restriction

�
13© Adverse event and disease
or the like ←�→

� Item is required to be observed at indicated observation. � Item is optionally observed at indicated observation
period/observation point. *1 The observation points at week 0 could be conducted on the same day as enrollment.
However, it must be conducted prior to the initiation of the intervention and prior to the instruction on sodium
restriction. *2 In the event of discontinuation, collect as much information as possible up to this point.

2.4. Criteria for Discontinuing or Modifying Allocated Interventions
2.4.1. Criteria and Coping Strategies for Study Discontinuation

If the investigator judges that it is difficult to continue the clinical trial for any of
the following reasons, the investigator will immediately take necessary measures such as
discontinuing the administration of the study drug. Patients’ data will be used as data of a
“study discontinuation case.” The investigator will note the date, when the study started,
the reason for withdrawal, and the process on the card and on the case report form (CRF).
At the time of discontinuation, the necessary tests will be conducted. The efficacy and
safety the procedure will be assessed at this point. Moreover, investigators will evaluate
the efficacy and safety of the treatment, following up on the endpoints and analyzing the
safety of the medical treatment received.

2.4.2. Criteria for Discontinuation of Study in Each Participant

(1) A study participant voluntarily withdraws from the study or withdraws her or his
consent.

(2) Discontinuation of the study is required due to the occurrence of adverse events
and diseases.

(3) The continuous use of the study agent worsens the primary disease or causes
complications.

(4) Patients have remarkably poor adherence with medication or sodium intake re-
strictions (the medication rate is estimated to be less than 60% or higher than 120% of the
expected dosage).

(5) The study participant is found pregnant.
(6) A serious deviation from the research protocol occurs, which is judged to have a

significant impact on the research results.
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(7) The investigators have decided that the discontinuation of the study is appropriate
due to other reasons.

2.4.3. Criteria for Discontinuation of Study

(1) When continuation of the study is difficult for any of the following reasons, the
principal investigator will determine whether the study could be continued or not. When it
is determined that continuation is inappropriate, the principal investigator shall inform the
principal investigators of all collaborating institutions of the reasons for the discontinuation
and how to deal with the participants, and have them take the necessary actions. The
principal investigator shall inform the accreditation review committee in written form of
the discontinuation of the study.

(1-1) Significant information regarding the efficacy, safety and quality of the study
agent was obtained.

(1-2) Participant recruitment and the planned number of study participants were
difficult to achieve.

(1-3) Protocol modification was instructed but was not executed.
(2) When discontinuing a study, the investigator should immediately discontinue

the study and report the decision to the president of his/her institution. The principal
investigator must also take appropriate action promptly and notify the participant of the
decision to discontinue the study.

2.4.4. Coping with Adverse Events

SGLT2 inhibitors can cause dehydration, urinary tract infections, normoglycemic
ketoacidosis, and polyuria, and we carefully explain the possibility of these side effects at
the recruitment of previous study. If a study participant suffers an adverse event during
the study which may or may not be attributable to the SGLT2 inhibitor, the investigator
will promptly take appropriate medical treatment. Investigators should report the adverse
event to the responsible investigator and director of the institution and document the
necessary information on the medical carte and CRF according to the study protocol. If it
is necessary to interrupt the administration of study drug or medical treatment due to an
adverse event, the study participant should be briefed on how to manage serious adverse
events [SAEs].

2.5. Deviation from the Protocol

The investigator shall document in the carte and CRF any deviation or modification
from the study protocol that is necessary to avoid immediate risk to study participants or
for other compelling medical reasons, and the details and reasons for such deviation or
modification shall be stated in the Carte and CRF. Study participants will be followed up
throughout the study. If the investigator is unable to follow the protocol exactly, he/she
should continue to collect sufficient information for the study. Data handling will be
determined by the data handling committee in a blinded situation.

2.6. Management of Incompatibility

Incompatibility refers to non-compliance with legal regulations or operational proto-
cols, fabrication and falsification of test data. The management of incompatibility shall be
performed as follows:

1. When the responsible investigator becomes aware of the incompatibility of present
study, the responsible investigator must immediately report this fact to the principal
investigator.

2. When the investigator becomes aware of the non-conformity of the study, the investi-
gator immediately reports this fact to the responsible investigator.

3. When there are serious incompatibilities, the investigator must immediately ask the
accreditation review committee members for their opinions.

136



Diabetology 2022, 3

2.7. Strategies to Improve Adherence to Interventions
2.7.1. Management of the Study Agent

No placebo will be used in this study. Both groups will use commercially available,
approved drugs for the study. Additionally, this is an open-label study. Therefore, specific
management of the study agent is not conducted, and the study agent is managed in the
same manner as general drugs.

2.7.2. Outcomes

The investigators collect and enter the results of the examinations list in Table 2 in
the CRF and send the CRF to the data center. Adverse events are considered as safety
endpoints throughout the study. The items measured by the study participants themselves
are recorded in specific documents and sent to the data center by the investigators.

2.8. Data Collection and Management
2.8.1. Plans for Assessment and Collection of Outcomes
Original Documents

The research institution preserves and manages the following information as original
source documents, and responds to monitoring, audits, and certifying review committees’
requests.

1. Original documents for all data items (medical data, nurse records, drug records,
laboratory data, subject logbooks, CRFs, QOL questionnaires, etc.).

2. Records of informed consent indicating the patient’s agreement to the study participation.

2.8.2. Documents to Be Served as Source Documents

In addition to the original source documents, the research institution preserves and
controls the information described below as source documents and provides them to the
monitoring, accreditation review committees, and audit.

1. Withdrawal of consent form.
2. Medication adherence information.
3. Adverse event and disease information.

2.8.3. Data Management and Confidentiality

Central registry numbers will be used to identify study participants. When electronic
data on subjects are transferred, the consent of the data management must be obtained. If
data are transferred from an unsecured electronic network, encryption of the data must
be performed at the source. If the data center needs to provide participant data to other
research institutions, approval from the principal investigator and data management is
required. Plan for collection, laboratory evaluation, and preservation of biospecimens for
genetic or molecular analysis for the study/future use.

All involved individuals in this study are required to protect the personal information
of the study participants. We will conduct this study in compliance with the Personal
Information Protection Act and other applicable laws and regulations. Study participant’s
unique information (medical record number, initials) will be securely contained within the
research institution, and information that would allow someone external to the research
organization to recognize the study participant (name, phone number, address, etc.) will
not be included in the CRF or registry database.

The researcher will use the correspondence table to identify the research participant
(anonymization) and will maintain it privately. Correspondence sheets will be securely
stored and appropriately managed by the researcher for the retention period specified by
the Clinical Trials Act (until the day after five years have elapsed from the date of study
completion) or the retention period specified by each research institute, whichever is later.
Anonymized data acquired for analysis will be preserved for any future secondary research,
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such as meta-analyses. Prior approval from the Ethics Review Committee is required before
anonymized data will be used for further research.

Specific blood test samples will be assayed in laboratories made available by each
research organization and will be disposed of after data acquisition under the responsibility
and procedures of the respective companies.

2.9. Patient and Public Involvement Statement

Patients will not be included in the research design, selection of the study questions, or
measurement of the results. No participants will be included in the analysis or publication
of the results. Patients will receive a brief summary of the study results written in Japanese
after the completion of the study.

2.10. Statistical Methods
2.10.1. Analysis of the Primary Endpoint

The primary and secondary endpoints are analyzed using the full analysis set and, if
necessary, using the per-protocol set (PPS). The safety endpoints are analyzed in the safety
analysis population. The two-sided significance level of the analysis was set at 5%. The
person in charge of the statistical analysis is responsible for preparing a separate statistical
analysis plan and specifying the details of the statistical method, including data handling.
A statistical analysis plan is prepared prior to data fixation. If changes were made to the
original analysis plan, the statistical analysis plan should be revised with a revision history,
and the changes should be recorded.

The primary endpoint is the frequency of nocturia at 12 weeks, and the difference
between groups is evaluated to determine its statistical significance. Poisson regression
analysis (generalized linear model assuming a Poisson distribution) is performed with
group as the fixed effect and the allocation adjustment factors and days of nocturnal voiding
at baseline as covariates to test the following null hypothesis: that the days of nocturnal
voiding in the two groups are equal. The summary statistics (number of cases, minimum,
median, and maximum, mean, standard deviation) are calculated for each time point and
each group.

2.10.2. Analysis of the Secondary Endpoints

With regard to the primary endpoint, the frequency of urination during the day is
assessed for statistical significance using Poisson regression analysis with group as the fixed
effect and the allocation adjustment factor and baseline value as covariates. For the other
change endpoints, group differences are evaluated using analysis of covariance with the
group as the fixed effect and allocation adjustment factors and baseline values as covariates.
In addition, the summary statistics of the measurements and changes at each time point for
each endpoint are calculated for each group. The incidence of adverse events and diseases
are analyzed as part of the safety endpoints.

2.10.3. Methods for Additional Analyses (e.g., Subgroup Analyses)

For the primary and secondary endpoints, the combined salt intake restriction guid-
ance group (tofogliflozin plus salt intake restriction guidance group) is subdivided into a
successful salt reduction group and an unsuccessful salt reduction group, and the three
groups are compared with the standard treatment group (tofogliflozin group). The details
are described in a separate statistical analysis section.

Methods used for analyzing the protocol nonadherence and any statistical methods
used for handle missing data

Data on protocol non-compliance will not be part of the per-protocol population
analysis, but will be part of the full analysis.

138



Diabetology 2022, 3

2.11. Ethics and Dissemination
2.11.1. Data Handling Committee

The data handling committee will be responsible for processing all data, both missing
data and data departing from the protocol, in a blinded manner prior to statistical analysis.
The committee consist of the principal investigator, responsible officer, and a biomedical
statistics expert.

2.11.2. Composition of the Data Monitoring Committee, Its Role, and Reporting Structure

Third-party institution (Evipro Holdings Corporation) will conduct the monitoring ac-
cording to the standard operating procedures for monitoring. The responsible investigator
will regularly monitor the persons in charge of data quality and investigate whether the
study is being conducted in compliance with the research protocol, ethical guidelines for
medicine, and the Clinical Trials Act, as well as the progress of the study by taking appro-
priate measures to ensure compliance with the protocol. Monitoring personnel is tasked to
provide a monitoring report and submit it periodically to the principal investigator. The
adverse events and diseases are monitored and promptly reported to ensure the safety of
the study participants.

2.12. Adverse Event Reporting and Harms
2.12.1. Reporting of Adverse Events

Adverse events outside of SAEs will be reported by noting them on the CRF associated
with those occurrences and sending it to the data center. The data center shall summarize
the appropriate report and inform the responsible investigator and receive instructions
on how to handle the event. The investigational drug manufacturer/distributor (Kowa
Company, Ltd., Aichi Japan) will also be notified.

2.12.2. Frequency and Plans for Auditing Trial Conduct

EviPRO Holdings, a third-party institution, will conduct the audits. Audits will
be performed according to the protocol and Standard Operating Procedures to ensure
compliance with the study protocol. The results of the audit will be reported by the auditor
to the investigator, other investigator.

2.12.3. Dissemination Plans

Results of the study will be reported in peer-reviewed international journals.

3. Discussion

This study was designed based on the hypothesis that SGLT2 inhibitors, which are
anti-diabetic drugs with cardioprotective and renal protective effects, may relieve nocturia
not only by improving hyperglycemia and hypertension, but also by increasing daytime
sodium excretion, with a focus on managing polyuria and nocturia, which are common
complaints of patients with type 2 diabetes. In addition, comparing the efficacy of SGLT2
inhibitors alone with that of salt restriction combined with SGLT2 inhibitors is meaningful
as it will enable the researchers to examine the efficacy and superiority of each treatment
for nocturia. In addition, the long-term intention of this study is to improve health quality
of life through the improvement of nocturia, hoping that this will lead to an improvement
in the overall health of the patients.

In this pilot study, the frequency of nocturia is the primary endpoint, while the fre-
quency of urination during the day and change in urine volume as secondary endpoints,
which provides insight into the effect of SGLT2 inhibitors and sodium restriction on urina-
tion frequency and volume. This finding will be essential for developing future randomized
trials.

In previous observational studies, the frequency of nocturia, urine volume, and noctur-
nal polyuria index improved in patients who successfully restricted salt intake, but nocturia
did not improve in patients with unsuccessfully restricted salt intake by nearly 70% of
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the time. SGLT2 inhibitors are effective in preventing the progression of macrovascular
disease and diabetic complications, and their use is expected to increase in the future.
However, SGLT2 inhibitors have some disadvantages, such as nocturia; hence, we hope
that this study will expand the possibilities of SGLT2 inhibitors. In previous observational
studies, the frequency of nocturia, urine volume, and nocturnal polyuria index improved
in patients who successfully restricted salt intake, but nocturia did not improve in patients
with unsuccessfully restricted salt intake by nearly 70% of the time. SGLT2 inhibitors are
effective in preventing the progression of macrovascular disease and diabetic complications,
and their use is expected to increase in the future. However, SGLT2 inhibitors have some
disadvantages, such as nocturia; hence, we hope that this study will expand the possibilities
of SGLT2 inhibitors.
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Insulin Injection-Related Skin Lipodystrophies: Blemish
or Pathology?

Felice Strollo 1, Ersilia Satta 2 and Sandro Gentile 2,3,*

1 Endocrinology and Diabetes, IRCCS San Raffaele Pisana, I-00163 Rome, Italy
2 Nefrocenter Research & Nyx Start-Up, I-80030 Naples, Italy
3 Department of Internal Medicine, Luigi Vanvitelli University of Campania, I-50138 Naples, Italy
* Correspondence: s.gentile1949@gmail.com

Abstract: The number of adult individuals with insulin-treated diabetes mellitus (DM) is steadily
increasing worldwide. The main local complications of insulin injection are lipohypertrophies (LHs),
i.e., subcutaneous nodules consisting of aggregates of macro-adipocytes and fibrin. These nodules
result from errors repeatedly made by patients while injecting insulin. Despite being very common,
LH lesions/nodules due to incorrect insulin injection techniques are often flat and hardly visible
and thus require thorough deep palpation examination and ultrasonography (US) for detection.
Identifying LHs is crucial, especially in elderly and frail subjects, because they may eventually result
in poor diabetes control due to associated unpredictable insulin release patterns. Raising awareness
of the adequate detection of LHs and their clinical consequences is crucial and urgent. A call to action
is required on this topic at all levels of undergraduate and postgraduate education.

Keywords: diabetes; insulin; injection technique; lipohypertrophy

1. Introduction

Lipohypertrophy (LH) at insulin injection sites is a typical complication in insulin-
requiring type 2-diabetic people resulting from the localized accumulation of subcutaneous
fat [1,2]. Unfortunately, it occurs frequently, affecting 47% (range 5–70%) of patients on
insulin [1,3]. However, LH can be prevented by overcoming severe educational defects
that cause the patient to progressively acquire bad injection habits, including the choice of
restricted skin areas, the repeated utilization of a single needle, or ice-cold preparations.

2. What May Happen to People with LHs

LHs do not only represent skin imperfections. Indeed, they often have severe metabolic
consequences due to scattering insulin absorption and, inevitably, high blood glucose
oscillations [4,5]. A few years ago, we published the case of a woman who had a prominent
LH on her abdomen and, wishing to wear a bikini, steadily and vigorously massaged her
unsightly abdominal lump with the most disparate cosmetic creams. As a result, she woke
up in the emergency room of a hospital after a severe hypoglycemic event—which she did
not remember—caused by the sudden release of the insulin trapped in the LH nodule [6].

3. A Case of Monster LH

In another case, we described the presence of two abdominal tangerine-like sym-
metrical bumps with a central hyperchromic navel, which, on ultrasound examination,
turned out to be LHs with a gelatinous/fluid content. When analyzed, the latter had a
13 times higher insulin concentration than in the blood. These lesions only disappeared
after three years of correct injection behavior and regularly occurring educational training.
However, despite the size of the scarring umbilications having decreased, the dyschromia
still subsided [7] (see Figure 1).
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Figure 1. Two major LH swellings were evident at the two sides of the navel markedly protruding
from the cutaneous plane (left panel). The central areas of both LH lesions were easily identified by
sight and touch as umbilicated, hyperchromic, and clefted. In the (right panel), ultrasound scans of
lipo-hypertrophic area are also provided: the thickening of the dermis is clearly visible together with
the central, colliquative area.

4. Practical Considerations

Why do patients stubbornly inject insulin into lipodystrophic nodules? The answer is
complex and largely depends on educational deficiencies when starting insulin therapy,
which are aggravated by the lack of required periodic injection site inspections by diabetes
teams, as previously described by our team in [7]. However, another reason behind it
is the painlessness of mistreated and thus denervated skin tissue hosting LHs. Indeed,
about half of patients on insulin self-injecting the drug four times a day, i.e., 1460 times per
year, unconsciously or secretly accept risking high blood sugar levels by avoiding frequent
painful injections [8].

5. Why Do People with Diabetes Forget the Lessons over Time?

The answer is not simple, but one can resort to a fundamental principle of therapeutic
education, borrowing the axiom “knowing is not the same thing as knowing how to do”.
Evidence for this stems from a Charlie Brown strip where the famous cartoon character—
drawn by Charles Monroe Schulz in the 1950s—informed Lucy of having taught Snoopy to
whistle. When she objected that Snoopy could not whistle yet, he retorted that he had only
said he had taught him, not that Snoopy had learned! In addition to this, we cannot rule
out the role for comfortable movements, especially for older adults with joint difficulties,
a certain degree of habit, and, for some, the tendency for depression and poor self-care,
which are typical traits of chronic diseases with a longstanding asymptomatic phase such
as diabetes. Finally, we should remember how difficult it is to change consolidated habits
involving errors and bad clinical practice [1,8].

6. What Are the Consequences of Injection Technique Errors?

First, an unpredictable absorption of the preparation injected into the LH alters the
expected synchronism between the post-meal rise in blood sugar and the immediate insulin
action [4,5]. The direct consequence of such a phenomenon is considerable variability in
circulating glucose levels, which is a recognized severe cardiovascular risk factor [9]. Sec-
ondly, such variability entails poor glycemic control and, even worse, repeated dangerous
hypoglycemic episodes in the absence of eating errors, missed meals, vomiting, diarrhea,
and insulin dose calculation errors The abovementioned LH consequences also burden
patients with a poor quality of life and the national health system with excess medical and
social expenditure [10]. The skin undergoes fundamental structural changes with aging,
potentially increasing the risk for LHs. Therefore, LH side effects are hazardous in elderly
individuals because of their inner frailty, frequently associated comorbidities, and possible
hypoglycemia-related acute cardiovascular events [11].
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When undergoing a severe episode of hypoglycemia, the patient can become un-
conscious and thus requires the intervention of family members, caregivers, or anyone
else making emergency calls to the GP or first-aid services. This event might end in
hospitalization, with the patient’s and caregiver’s absence from the workplace.

The above entails an apparent increase in costs quantifiable through the national tariff
for health services and would not occur if adequate educational training was provided [9].

Indeed, our recent data document tenfold higher hypoglycemic event-related costs in
patients with LH than without LH, and over eightfold lower costs—therefore, approaching
those of patients injecting insulin correctly—after adequate systematic, multimodal, and
repeated educational training [7,8,10].

Moreover, when injected into healthy skin instead of LH nodules, required insulin
doses decrease by 20–25%. Despite being twenty times lower than those due to less
unpredictable hypoglycemic events, the resulting savings are of great value when projected
on large populations and compared to the annual costs of insulin, especially in the case of
new rapid or basal analogs [1,2,9].

7. What Can We Do to Prevent Lipohypertrophies?

Indeed, the picture is not comforting. Suffice it to say that a recent survey conducted
in China and other countries on health professionals (doctors and nurses) mercilessly
documents that over 50% of patients have poor knowledge about LHs, associated metabolic
consequences, and, even worse, how to avoid or counteract this type of complication [12–18].

In Italy, the situation is similar. Indeed, the occurrence of LH in at least 45% of insulin
patients documents the similar level of our treatment system’s inefficiency.

Unfortunately, apart from a few willing people who are stubbornly engaged in thera-
peutic education, including that involving correct injection techniques, LH is most often
forgotten or ignored, thus becoming a “non-problem”.

8. A Proposal for the Future

Considering that three to four million persons in Italy have diabetes, and about 40–50%
of them will sooner or later require insulin, correct insulin injection techniques should
have a more prominent place in undergraduate, postgraduate, and specialization courses.
Specifically, doctors and nurses should follow dedicated training procedures on proper
injection techniques. Outpatient general medicine practices and diabetes wards should
also become involved in practical education paths, including primarily structured LH
identification methods (Figure 2) [3]. In our youthful memories, none of this existed, and it
was the experience in the field that sometimes compensated this absence. Another practical
solution to the problem may also come from insulin manufacturers, who could include in
pens and vial packages dedicated visuals and detailed descriptions on how to inject and
use insulin correctly.

The relaxed, even condescending attitude towards LHs has to change, and we count
on our most resourceful readers to make this happen as fast as possible.
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Figure 2. LH identification technique. The figure shows how to identify a lesion after a thorough
inspection of the area by performing repeated vertical and horizontal fingertip movements over and
around it (a–c), pinching it (d–f), and marking it (g), as well as how to finally measure it (h).

9. Key Summary Points

1. Improper Insulin injection causes skin lipohypertrophic lesions (LHs), which are
often flat and barely visible, thus requiring thorough deep palpation examination and
ultrasonography (US) for identification;

2. The detection of LHs is crucial to prevent poor diabetes control due to unpredictable
insulin-release patterns;

3. The skin undergoes fundamental structural changes with aging, potentially increasing
the risk of developing LHs;

4. Too many healthcare professionals (doctors and nurses) know little or nothing about
lipohypertrophy and its associated metabolic consequences and, worse, they do not
know how to avoid or counteract this type of complication;

5. The data from the literature suggest the need (i) to take specific actions to prevent and
control the high risk of acute hypoglycemia-related cardiovascular events, especially
in older subjects, and (ii) to identify specific, better-targeted, practical, and structured
educational programs suited to older patients.
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