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ABSTRACT

Background

Health authorities stress the temperature sensitivity of human insulin, advising protection from heat and freezing, with manufacturers
suggesting low-temperature storage for intact vials, and once opened, storage at room temperature for four to six weeks, though usage
time and maximum temperature recommendations vary. For human insulin, the recommendations of current shelf life in use may range
from 10 to 45 days, and the maximum temperature in use varies between 25 °C and 37 °C. Optimal cold-chain management of human
insulin from manufacturing until the point of delivery to people with diabetes should always be maintained, and people with diabetes
and access to reliable refrigeration should follow manufacturers' recommendations. However, a growing segment of the diabetes-affected
global population resides in challenging environments, confronting prolonged exposure to extreme heat due to the climate crisis, all while
grappling with limited access to refrigeration.

Objectives

To analyse the effects of storing human insulin above or below the manufacturers' recommended insulin temperature storage range or
advised usage time, or both, after dispensing human insulin to people with diabetes.

Search methods

We used standard, extensive Cochrane search methods. The latest search date was 12 July 2023.

Selection criteria

We included clinical and laboratory studies investigating the storage of human insulin above or below manufacturers' recommended
temperature storage range, advised usage time, or both.

Data collection and analysis

We used standard Cochrane methods. We used GRADE to assess the certainty of evidence for the clinical study. Most information emerged
from in vitro studies, mainly from pharmaceutical companies. There is no validated risk of bias and certainty of evidence rating for in vitro
studies. We thus presented a narrative summary of the results.

Main results

We included 17 eligible studies (22 articles) and additional information from pharmaceutical companies.

Pilot clinical study
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One pilot clinical study investigated temperature conditions for insulin stored for six weeks in an unglazed clay pot with temperatures
ranging between 25 °C and 27 °C. The mean fall in plasma glucose in eight healthy volunteers after clay pot-stored insulin injection was
comparable to refrigerator-stored insulin injection (very low-certainty evidence).

In-vitro studies

Nine, three and four laboratory studies investigated storage conditions for insulin vials, insulin cartridges/pens and prefilled plastic
syringes, respectively. The included studies reported numerous methods, laboratory measurements and storage conditions.

Three studies on prefilled syringes investigating insulin potency at 4 °C up to 23 °C for up to 28 days showed no clinically relevant loss of
insulin activity.

Nine studies examined unopened vials and cartridges. In studies with no clinically relevant loss of insulin activity for human short-acting
insulin (SAl), intermediate-acting insulin (IAl) and mixed insulin (MI) temperatures ranged between 28.9 °C and 37 °C for up to four months.
Two studies reported up to 18% loss of insulin activity after one week to 28 days at 37 °C. Four studies examined opened vials and cartridges
at up to 37 °C for up to 12 weeks, indicating no clinically relevant reduction in insulin activity. Two studies analysed storage conditions for
oscillating temperatures ranging between 25 °C and 37 °C for up to 12 weeks and observed no loss of insulin activity for SAIl, 1Al and MI.
Four studies, two on vials (including one on opened vials), and two on prefilled syringes, investigated sterility and reported no microbial
contamination.

Data from pharmaceutical companies

Four manufacturers (BIOTON, Eli Lilly and Company, Novo Nordisk and Sanofi) provided previously unreleased human insulin
thermostability data mostly referring to unopened containers (vials, cartridges). We could not include the data from Sanofi because the
company announced the permanent discontinuation of the production of human insulins Insuman Rapid, Basal and Comb 25.

BIOTON provided data on SAl after one, three and six months at 25 °C: all investigated parameters were within reference values, and,
compared to baseline, loss of insulin activity was 1.1%, 1.0% and 1.7%, respectively.

Eli Lilly and Company provided summary data: at below 25 °C or 30 °C SAI/IAI/MI could be stored for up to 25 days or 12 days, respectively.
Thereafter, patient in-use was possible for up to 28 days.

Novo Nordisk provided extensive data: compared to baseline, after three and six months at 25 °C, loss of SAl activity was 1.8% and 3.2% to
3.5%, respectively. Loss of IAl activity was 1.2% to 1.9% after three months and 2.0% to 2.3% after six months. Compared to baseline, after
one, two and three months at 37 °C, loss of SAI activity was 2.2% to 2.8%, 5.7% and 8.3% to 8.6%, respectively. Loss IAl activity was 1.4%
to 1.8%, 3.0% to 3.8% and 4.7% to 5.3%, respectively. There was no relevant increase in insulin degradation products observed. Up to six
months at 25 °C and up to two months at 37 °C high molecular weight proteins were within specifications. Appearance, visible particles or
macroscopy, particulate matter, zinc, pH, metacresol and phenol complied with specifications.

There were no data for cold environmental conditions and insulin pumps.

Authors' conclusions

Under difficult living conditions, pharmaceutical companies' data indicate that it is possible to store unopened SAl and IAl vials and
cartridges at up to 25 °C for a maximum of six months and at up to 37 °C for a maximum of two months without a clinically relevant loss of
insulin potency. Also, oscillating temperatures between 25 °C and 37 °C for up to three months result in no loss of insulin activity for SAI,
IAl and ML. In addition, ambient temperature can be lowered by use of simple cooling devices such as clay pots for insulin storage. Clinical
studies on opened and unopened insulin containers should be performed to measure insulin potency and stability after varying storage
conditions. Furthermore, more data are needed on MI, insulin pumps, sterility and cold climate conditions.

PLAIN LANGUAGE SUMMARY

Temperature and storage conditions for human insulin
What is insulin?

Insulin is a hormone made by the pancreas that helps your body turn food into energy and controls your blood sugar levels. People with
diabetes cannot make enough insulin or use it effectively, so some have to inject it themselves.

How should insulin be stored?

Health authorities and pharmaceutical manufacturers recommend keeping insulin away from sunlight, not freezing it and storing it in a
refrigerator. Unopened human insulin vials or flasks and cartridges for insulin pens should be stored at temperatures between 2 °C and 8
°C, which requires reliable refrigeration. Once opened, vials or cartridges can be stored at 'room temperature' and used for approximately
four to six weeks. However, recommendations differ regarding usage time and maximum temperature once open (in-use insulin). Also,
advice varies for the type of insulin, brand, insulin concentrations and container (vial, cartridge/pen, insulin pump). Regulatory bodies

Thermal stability and storage of human insulin (Review) 2
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guide how to handle insulin transport and storage temperature ('cold chain') from manufacturer to delivery to people with diabetes. If
reliable refrigeration is available, people with diabetes should store insulin according to official recommendations. However, there is no
clear consensus on how human insulin should be stored at home if reliable refrigeration cannot be guaranteed.

What are the problems with insulin storage?

Many people with diabetes live in settings with little access to healthcare facilities and refrigeration. Challenging locations affected by
natural disasters, periods of extreme heat due to the climate crisis or war-like conditions additionally complicate appropriate insulin
storage.

What did we want to find out?

We wanted to analyse the effects of storing human insulin above or below the manufacturers' recommended insulin temperature or
advised usage time, or both.

What did we look for?

We searched medical databases and contacted study authors and pharmaceutical manufacturers about studies on people with diabetes.
We also looked for laboratory studies investigating the effects of storing human insulin above or below the manufacturers' recommended
insulin temperature storage range or advised usage time, or both.

What did we find?

We found one clinical study. Nine, three and four laboratory studies investigated storage conditions for insulin vials, insulin cartridges and
prefilled plastic insulin syringes, respectively.

Key results

In the clinical study, authors investigated insulin stored for six weeks in an unglazed clay pot or in a refrigerator. Outside temperatures
were between 34 °C and 43 °C, and clay pot temperatures were between 25 °C and 27 °C. The study authors only reported on the glucose
levelin the blood of eight healthy volunteers after injecting clay-pot-stored insulin or refrigerator-stored insulin. Insulin in the clay pot had
similar glucose-lowering activity to insulin in a refrigerator.

Laboratory studies on prefilled syringes stored at 4 °C to 23 °C for up to 28 days showed no clinically relevant loss of insulin activity.

Nine laboratory studies examined unopened vials and cartridges. In studies with no clinically relevant loss of insulin activity, temperatures
ranged between 28.9 °C and 37 °C for up to four months. Two studies reported a more pronounced loss of insulin activity after one week
to 28 days at 37 °C. Four studies examined opened vials and cartridges at up to 37 °C for up to 12 weeks, and showed no clinically relevant
reduction in insulin activity.

Two laboratory studies analysed storage conditions for shifting temperatures between 25 °C and 37 °C up to 12 weeks, resembling daytime
and night-time fluctuations in tropical countries. There was no loss of insulin activity for short-acting, intermediate-acting and mixed
insulin (a combination of short-acting and intermediate-acting human insulin).

Four laboratory studies, two on vials, one of them on opened vials, and two on prefilled syringes, investigated sterility and reported no
bacterial contamination.

Four manufacturers provided previously unpublished temperature and storage conditions data. If unopened human insulin vials or
cartridges were stored at up to 25 °C for a maximum of six months or at up to 37 °C for a maximum of two months, only small amounts
of insulin activity were lost. We could not include the provided data from the manufacturer Sanofi because the company announced the
permanent discontinuation of the production of human insulins called Insuman Rapid, Basal and Comb 25.

If no reliable refrigeration is possible, room temperature can be lowered using simple cooling devices such as clay pots for insulin storage.
There were no data for cold environmental conditions or insulin pumps.
What are the limitations of the evidence?

Data on the quality of humaninsulinin unopened vials and cartridges appeared reliable. However, most data came from laboratory studies,
and we were unable to assess the certainty of evidence because there are currently no validated methods for doing so. More studies should
investigate the possible bacterial contamination risk of in-use insulin vials and cartridges. Also, clinical studies in particular are needed to
inform on temperature and storing conditions for insulin outside the official recommendations.

How up to date is this review?

This evidence is up to date as of 12 July 2023.

Thermal stability and storage of human insulin (Review) 3
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SUMMARY OF FINDINGS

Summary of findings 1. Clinical studies

Patient or population: healthy physicians

Setting: outpatients, opened vials

Intervention: neutral human insulin, stored in a refrigerator at 4 °C
Comparison: neutral human insulin, stored in a zeer? at a mean of 26.6 °C

Outcome Ne of participants (stud- Certainty of the evidence  Effect

ies) (GRADE)
Potency/bioactivity parame- - — Not reported
ters of human insulin
Diabetic ketoacidosis - — Not reported
Hypoglycaemic episodes — — Not reported
Adverse events — — Not reported

Health-related quality of life - —

Not reported

HbAlc — — Not reported
Mean fallin plasma glucose lev- 8 (1 RCT) lelelo) Intravenous injection of 0.1 U/kg bodyweight of human insulin with blood
els (mmol/L/min) Very lowb samples taken every 5 min up to 30 min following the injection.

Refrigerator insulin (mean 4 °C, 6 weeks' storage): 0.213 mmol/L/min
Zeer-stored insulin (mean 26.6 °C, 6 weeks' storage): 0.192 mmol/L/min

Quote: "The observed difference in the rate of decline of glucose following
insulin stored in a zeer, and that ... being stored in a refrigerator, was not
statistically significant."

HbA1c: glycosylated haemoglobin Alc; min: minute; RCT: randomised controlled trial; U: unit.

GRADE Working Group grades of evidence

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is

substantially different.

Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different from the estimate of the effect.
Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from the estimate of effect.
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dZeer: a clay pot that was unglazed, enabling water to slowly seep through the wall and evaporate, thus lowering the temperature of the remaining water. A glass jar with partially
filled desert sand was put in the centre of the zeer. A water bath was created by adding water outside the jar to the same level as that of the sand in the glass jar. Water was added
to the mark (topped up) daily. The zeer was closed with a clay lid and kept in the shade.
bDowngraded three levels due to the risk of bias (unclear randomisation and allocation concealment), indirectness (surrogate outcome, insufficient time frame) and imprecision
(very small sample size, one study only).

Summary of findings 2. Published in-vitro studies

Outcome: insulin potency? measured by HPLC (mean % change compared to baseline)

Study ID Short-acting insulin (vials) Intermediate-acting insulin (vials) Premixed short-acting/NPH  Container
insulin (vials)
Vimalavathini 2009 32°C/37°C (28 days): -14% / -18% — 32°C/37°C (28 days)b: Probably unopened

-11% / -14%

Kaufmann 2021

25-37°CC (4 / 12 weeks): +0.1% / +1.3%
37°Cd (2 weeks): -12.5%

25-37°CC (4 / 12 weeks): +1.3% / +1.6%
31°Cd(1/4/8weeks): +0.2% /-5.2% /
-17.2%

25-37°CC (4 / 12 weeks):
+0.6% / +1.9%

37°Cd (1 week): -15.4%

Opened (some sam-
ples)

Pendsey 2023 26.3-28.9°C(1/2/4 months): -0.7% / 26.3-28.9°C(1/2 /4 months): +2.1% / 26.3-28.9°C(1/2/4 months):  Unopened
-2.0% /-2.4% -1.7%/-0.7% +0.8% /-1.8% / -1.4%
Study ID Short-acting insulin (prefilled syringes) Intermediate-acting insulin (pre- Premixed short-acting/NPH  Container
filled syringes) insulin (prefilled syringes)
Tarr 1991 4°C (28 days): —1.5% to + 0.6% 4°C (28 days): +1.0% to +2.5% 4°C (28 days): —0.2% to 2.4% Prefilled
23°C (28 days): -1.9% to +1.7% 23°C (28 days): +0.7% to +4.7% 23 °C (28 days): -1.0% to
-1.7%
Outcome: insulin potency? measured by HPLC, mass spectrometry, radioimmunological activity
Study ID Short-acting insulin (vials) Intermediate-acting insulin (vials) Premixed short-acting/NPH  Container
insulin (vials)
Schrader 1985 Shaken for 72 hours at 37 °C and at ambi- — — Unopened
ent temperature: same molecular insulin
weight
Gregory 1991 4°C (26 weeks): -0.069% total protein/week  — — Opened (some sam-

37 °C (26 weeks): -1.184% total pro-
tein/week

ples)

0

q!
(o]

Kiea
aueayd

‘yyeay 19199
*SUOISII3P pawioju]
2JUapING pajshay

SM3IADY J13BWSISAS JO seqeleq auelyd0)



“p¥7 ‘suos 13 A31IM uyor Aq paysiiqnd ‘uoneioqe|jod aueyd0) ay L £207 @ y3uAdod

(ma1nay) unnsui uewny jo aSe103s pue AMjiqels jewniay L

Direct sunlight (26 weeks): -0.749% total
protein/week

Silva 2013 — 22-24°C (42 days): 12 min peak 93% of — Unopened
baseline AUC reference; 21 min peak
94% of baseline AUC reference
Moses 2019 30 °C (6 weeks): =3.1 IU/mL (95% CI 4.0) 30 °C (6 weeks): =1.0 IU/mL (95% ClI — Unopened
30 °C (10 weeks): —4.0 IU/mL (95% CI 4.9) 1.9)
30 °C (10 weeks): =1.4 IU/mL (95% ClI
2.3)
Baechler 2020e 4°C (86 days): 98.6 U/mL (CV 5.5%) — — Unopened
22°C (86 days): 99.4 U/mL (CV 5%)
37°C (86 days): 98.7 U/mL (CV 4.6%)
Study ID Short-acting insulin (cartridges/pens) Intermediate-acting insulin (car- Premixed short-acting/NPH  Container
tridges/pens) insulin (cartridges/pens)
Shnek 1998 25-37°Ccand 37 °Cd (28 days): potency 25-37°Ccand 37 °Cd (28 days): poten-  25-37°Ccand 37 °Cd (28 Unopened
within specifications cy within specifications; agglomerates  days): potency within spec-
(37°Cd) ifications; agglomerates (37
ocd)
Kongmalai 2021 — 29.7°C (28 days): —2.6% to +1.4% — Opened
(compared to baseline AUC)
37 °C (28 days): -1.5% to +0.7% (com-
pared to baseline AUC)
Study ID Short-acting insulin (prefilled syringes) Intermediate-acting insulin (pre- Premixed short-acting/NPH  Container
filled syringes) insulin (prefilled syringes)
Dunbar 1986 4°C (2 weeks): no change in potency — — Prefilled
Lull 2013 3-5°C (28 days): 93.3% (SD 2.4) AUC of ini- - — Prefilled
tial concentration
Outcome: protein structure, formation of amyloid material
Study ID Short-acting insulin (vials) Intermediate-acting insulin (vials) Premixed short-acting/NPH  Container

insulin (vials)

Kaufmann 2021

25-37 °CC (4 / 12 weeks): tridimensional
structure verified

25-37 °CC (4 / 12 weeks): tridimension-
al structure verified

25-37°C€ (4 / 12 weeks): tridi-
mensional structure verified

Opened (some sam-
ples)
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Silva-Jr 2022 4°Cand 37 °C (5 weeks): no amyloid parti- 4°Cand 37 °C (5 weeks): no amyloid — Unopened
cles, large amorphous agglomerates particles, large amorphous agglomer-
ates
Pendsey 2023 26.3-28.9°C(1/2 /4 months): altered con- 26.3-28.9°C (1/2 /4 months): altered 26.3-28.9°C(1/2/4 months):  Unopened
formation or multimerisation in a minor conformation or multimerisationin a altered conformation or mul-
fraction of the insulin molecules minor fraction of the insulin molecules  timerisation in a minor frac-
tion of the insulin molecules
Study ID Short-acting insulin (cartridges/pens) Intermediate-acting insulin (car- Premixed short-acting/NPH  Container
tridges/pens) insulin (cartridges/pens)
Delbeck 2021a — 37 °C (10 weeks): small changes — Unopened
Outcome: sterility, microbial contamination
Study ID Short-acting insulin (vials) Intermediate-acting insulin (vials) Premixed short-acting/NPH  Container
insulin (vials)
Schrader 1985 Shaken for 72 hours at 37 °C and at ambient  — — Unopened

temperature: no bacterial growth

Kaufmann 2021

25-37 °C¢ (4 / 12 weeks): no microbial cont-
amination

25-37°CC (4 / 12 weeks): no microbial
contamination

25-37 °C¢ (4 / 12 weeks): no
microbial contamination

Opened (some sam-
ples)

Study ID Short-acting insulin (prefilled syringes) Intermediate-acting insulin (pre- Premixed short-acting/NPH  Container
filled syringes) insulin (prefilled syringes)

Tarr 1991 4 °C (28 days): no microbial growth 4 °C (28 days): no microbial growth 4 °C (28 days): no microbial Prefilled

growth
23 °C (28 days): no microbial growth 23 °C (28 days): no microbial growth

23 °C (28 days): no microbial
growth

Koffler 1992 - 4°C (10 days): no bacterial growth — Prefilled

— denotes not investigated.
aus Pharmacopeia (USP) stipulates that human insulin should have a potency of 95% to 105% of the potency stated on the label, expressed in USP insulin human units/mL, i.e.
human insulin labelled '100 U/mL' has to contain 95 U/mL to 105 U/mL of insulin.
bConcentration of the short-acting insulin in the biphasic insulin formulation.
COscillating temperatures.

dContinuous temperature.

eMean insulin concentration (with CV) across all measurements and 86 days.

feaqny £1
aueiyds’o) =

‘yyeay 19199
*SUOISII3P pawioju]
*32UBPINS pashiL

SM3IADY J13BWSISAS JO seqeleq auelyd0)



“p¥7 ‘suos 13 A31IM uyor Aq paysiiqnd ‘uoneioqe|jod aueyd0) ay L £207 @ y3uAdod

(ma1nay) unnsui uewny jo aSe103s pue AMjiqels jewniay L

AUC: area under the curve; Cl: confidence interval; CV: coefficient of variation; HPLC: high-performance liquid chromatography; NPH: neutral protamine Hagedorn; SD: standard

deviation; U: unit.

Summary of findings 3. In-vitro data from pharmaceutical manufacturers

Data from BIOTON®3; b; human insulin potency compared to baseline (mean % change (SD) of several insulin batches)

25 °C storage 1 month 3 months 6 months
Vials Vials Vials
Short-acting insulin (100 IU/mL) -1.1 -1.0 -1.7
30 °C storage 28 days 42 days
Vials Vials
Short-acting insulin (40 IU/mL) -2.4 -2.0

Data from Eli Lilly and Company¢: human insulin (100 IU/mL) potency

Storage before start use Patient in-use

<25 °C (short-acting, intermediate-acting, mixed insulin) Up to 25 days Up to 28 days

<30 °C (short-acting, intermediate-acting, mixed insulin) Up to 12 days Up to 28 days

Data from Sanofi

Sanofi permanently discontinued the production of its human insulins Insuman rapid 100 IU/mL, Insuman rapid SoloStar 100 IU/mL, Insuman basal 100 IU/mL, Insuman
basal SoloStar 100 IU/mL, Insuman comb 25 100 IU/mL and Insuman comb 25 SoloStar 100 IU/mL worldwide. Data provided by the manufacturer could not be included in
this review.

Data from Novo Nordiska d: human insulin (100 IU/mL) potency compared to baseline (mean % change (SD) of several insulin batches)

25 °C storage 1 month 3 months 6 months 12 months
Vials Cartridges Vials Cartridges Vials Car- Vials Cartridges
tridges
Short-acting insulin -0.4(0.3) -0.5(0.4) -1.8(0.6) -1.8(0.6) -3.5(0.4) -3.2(0.5) -7.4(0.6) -6.5(0.5)
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Intermediate-acting insulin -0.7 (0.4) -0.5 (NA) -1.2(0.5) -1.9 (NA) -2.0(0.4) -2.3(NA) -3.4(0.7) -3.9 (NA)
37 °C storage 1 month 2 months 3 months
Vials Cartridges Vials Car- Vials Car-
tridges tridges
Short-acting insulin -2.2(0.6) -2.8(0.3) -57(0.7)  -5.7(15)  -8.6(0.6) -8.3(0.8)
Intermediate-acting insulin -1.8(0.3) -1.4 (NA) -3.8(0.4) -3.0 (NA) -5.3(1.0) -4.7 (NA)

aus Pharmacopeia (USP) stipulates that human insulin should have a potency of 95% to 105% of the potency stated on the label, expressed in USP insulin human units/mL, i.e.

human insulin labelled '100 U/mL' has to contain 95 U/mL to 105 U/mL of insulin.

bA21 desamido insulin, impurities, total zinc, metacresol and pH all remained within reference values.

CAll product quality attributes met established acceptance criteria.

dUp to 6 months at 25 °C and up to 2 months at 37 °C high molecular weight proteins were within specifications. Appearance, visible particles or macroscopy, particulate matter,

zinc, pH, metacresol and phenol complied with specifications. No data were available on bacterial endotoxins and sterility.

IU: insulin units; NA: not applicable.
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BACKGROUND

There are two major forms of diabetes, type 1 diabetes mellitus
(T1DM) and type 2 diabetes mellitus (T2DM). T1DM results from
an autoimmune process destroying the insulin-producing beta
cells (B-cells) of the pancreas. TIDM is the major cause of
diabetesin childhood and adolescence, and injections of insulin are
necessary for survival. In the tenth revision of its diabetes atlas, the
International Diabetes Federation (IDF) estimated that the number
of people with diabetes worldwide would increase from 573 million
in 2021 to 783 million in 2045, representing a 46% increase (IDF
2021). Thisrise s calculated to be higherin low- and middle-income
countries (LMIC), with projected increases of 134% in Africa (87%
in the Middle East and North Africa), 68% in South-East Asia, and
50% in South and Central America (IDF 2021). In comparison, the
estimates for Europe, the Western Pacific and North America, and
the Caribbean are 13%, 27% and 24%, respectively (IDF 2021).
Approximately 90% of people with diabetes have T2DM, and the
projected increases to 2045 are expected to be mainly due to arising
number of people with T2DM. This increase is probably caused by
changes in living conditions, such as sedentary behaviour, dietary
changes, obesity and other factors (Sun 2022).

Banting and Best discovered the peptide hormone insulin in 1921;
it was first used in the treatment of diabetes in 1922 and has
been included in the World Health Organization's (WHO's) Model
List of Essential Medicines since 1977 (WHO EML 2021). T2DM
accounts for approximately 90% of diabetes and is associated
with insulin resistance: as a consequence of ineffective insulin
action to transport glucose into cells, an increased insulin demand
develops, and over time inadequate insulin production occurs due
to exhaustion of pancreatic B-cells. Several factors are related
to risk of T2DM, including body composition, physical inactivity,
diet, age, family history and history of gestational diabetes. It
is initially treated with lifestyle modification and later on a
combination of lifestyle modification and glucose-lowering drugs
(WHO 2020). At some point, insulin may be needed to improve
diabetes management further, in case pancreatic 3-cells are unable
to compensate for the increased insulin demand. The need for
insulin worldwide to treat T2DM is expected to increase by more
than 20% from 2018 to 2030 (Basu 2019). Diabetes may also occur
during pregnancy (gestational diabetes) or may develop because
of diseases of the pancreas, endocrine diseases, infections, drugs,
immune disorders or genetic syndromes.

Even 100 years after its discovery, access to insulin still remains
a challenge for many people around the globe. Barriers to access
mainly relate to affordability and availability, with costs also
related to associated necessary medical devices (e.g. test strips,
syringes, pens), placing a large burden on people with diabetes
and healthcare systems (Beran 2006; Beran 2016). For people
with T1DM, the goal of insulin therapy is to provide insulin that
mimics physiological insulin secretion in order to achieve near-
normal glycaemic levels. Insulin is most commonly administered
by subcutaneous injection and is usually applied through insulin
syringes, insulin pens or insulin pumps. Since the early 1920s,
people with diabetes were treated with insulin, which was
purified from bovine or porcine pancreas (animal insulin). Later,
recombinant human insulin utilising recombinant DNA technology
(Chance 1993), and insulin analogues (insulin-like molecules,
engineered on the basis of the molecular structure of human
insulin by changing amino acid sequences and physiochemical

properties) were marketed (Fullerton 2018; Hemmingsen 2021,
Semlitsch 2020).

Early data indicated a loss of insulin potency depending on
storage temperatures (Brange 1987). The stability of human insulin
depends upon a number of environmental factors (e.g. purity, pH,
humidity, changes in the primary structure of the insulin molecule,
added substances for enhancing or prolonging insulin absorption)
and is thought to be especially susceptible to temperature
and sunlight exposure (Pingel 1972; Storvick 1968; Vimalavathini
2009). These factors may become more important because of
increasingly hot weather conditions and extreme heat caused
by the climate crisis (Atwoli 2021; Ebi 2021; Quijal-Zamorano
2021). Temperature affects not only diabetes control (Westphal
2010), but also the pharmaceutical quality of various drugs,
especially of protein and peptide-based compounds such asinsulin
or monoclonal antibodies used to treat various inflammatory
diseases. The potency of insulin is measured in units per millilitre
(U/mL), indicating the blood glucose-lowering activity of an insulin
formulation per volume. High-performance liquid chromatography
(HPLC) is the gold standard for insulin concentration and insulin
stability assessment (Farid 1989; Fisher 1986). HPLC quantification
of the chemical potency of insulin is correlated with its biological
activity. Traditionally, an in vivo rabbit biopotency assay was used
to monitor blood glucose over time (Farid 1989; Fisher 1986; Smith
1985). However, the measured insulin potency might differ from the
actual biological potency of insulin (Baechler 2020; Delbeck 2020a;
Delbeck 2020b). Insulin potency may be impacted by high or low
ambient temperature, sunlight and usage beyond the expiration
date, as well as exceeding the recommended usage time once
opened or in use. For insulin pumps worn close to the body, the
temperaturein the reservoir is even higher than room temperature,
and constant movements during daily activities may increase fibril
formation in the insulin reservoir (Herr 2014; Pryce 2009).

In order to prevent self-aggregation during transport and storage,
zinc ions and phenolic conservative agents are added to insulin
formulations to stabilise insulin molecules as hexameric complexes
(Brange 1997; Huus 2005; Huus 2006). Agitation or heating may
cause the hexamers to dissociate and release monomers which
are susceptible to forming fibrils (Ahmad 2003; Kurouski 2012).
Formation of these insulin polymers is reported to occur up to
10 times faster at 37 °C compared to 25 °C (Weiss 2013). Amyloid
fibrils may also exhibit immunogenic capabilities (Brange 1997;
Mori 2021). Insulin fibrillation by means of aggregation of insulin
molecules also adversely impacts potency (Groenning 2009). If
insulin within fibrils is injected subcutaneously, bioavailability
is reduced because stable bonds of insulin molecules within
fibrils provide fewer insulin monomers available for resorption
(Derewenda 1989). Fibrils may be visible in vials with the naked
eye but are difficult to detect in pens or pump reservoirs.
If the temperature rises, insulin degradation increases, and
the combination of agitation and heat further accelerates the
formation of agglomerates. Therefore, the advice is to discard
insulin formations which appear visually modified (Shnek 1998).
However, thermal denaturation is a complex process, correlated
with both time and temperature, and it may be partially
reversible (Huus 2005). The application of high temperatures for a
prolonged time usually leads to denaturation due to irreversible
conformational changes in insulin and the formation of insulin
fibrils (Vimalavathini 2009). In contrast, fluctuating temperatures
(compared to continuous heating conditions) may not cause

Thermal stability and storage of human insulin (Review)

10

Copyright © 2023 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.



Trusted evidence.
Informed decisions.
Better health.

= 3 Cochrane
st g Library

Cochrane Database of Systematic Reviews

irreversible aggregation of insulin molecules. For more information
on insulin to help put data into perspective, see Appendix 1.

Recommendations by health authorities underline the fact that
insulin is temperature sensitive and should be protected from heat
and freezing conditions (ADA 2021; Bahendeka 2019; Danne 2018).
The American Diabetes Association (ADA) published the following
advice on its website (ADA 2021).

"Although manufacturers recommend storing your insulin in
the refrigerator, injecting cold insulin can sometimes make the
injection more painful. To avoid this, many providers suggest
storing the bottle of insulin you are using at room temperature.
Insulin kept at room temperature will last approximately one
month. Remember though, if you buy more than one bottle at
a time to save money, store the extra bottles in the refrigerator.
Then, take out the bottle ahead of time so it is ready for your next
injection. Here are some other tips for storing insulin.

« Do not store your insulin near extreme heat or extreme cold.

« Never store insulin in the freezer, in direct sunlight, or in the
glove compartment of a car.

« Checktheexpiration date before using,and don'tuse any insulin
beyond its expiration date.

« Examinethe bottle closely to make sure the insulin looks normal
before you draw the insulin into the syringe."

Manufacturers' specifications recommend keeping insulin away
from sunlight, not freezing it, and storing it in a refrigerator or
at 'room temperature’, usually not exceeding 25 °C or 30 °C (Lilly
2023; Novo Nordisk 2020a; Novo Nordisk 2020b). Nevertheless,
room temperature may be defined differently in various parts
of the world. Intact vials of insulin should be stored at low
temperatures (i.e. between 2 °C and 8 °C), requiring affordable and
reliable refrigeration. However, refrigeration may not be available
or possible in some parts of the world (Ogle 2016). Moreover,
unlike pharmaceutical refrigerators, household refrigeration may
be unreliable, and temperatures can drop below the freezing point
(Heinemann 2021). Once opened, a vial or cartridge can be stored at
ambient temperature and used for approximately four to six weeks
(Lilly 2023; Novo Nordisk 2020a; Novo Nordisk 2020b). The contents
of the vial or cartridge are technically no longer sterile, and it is
recommended to use the insulin in as short a time as possible to
minimise concerns about potential microbiological contamination
once the container has been opened or punctured. However,
recommendations with regard to advised usage time once open
and maximum temperature in-use differ with type of insulin, brand,
insulin concentrations and carrier (vial, pen, cartridge, pump)
(table 1 in Heinemann 2021 and table S1 in Kaufmann 2021). For
human insulin, the current shelf life in use may range from 10
to 45 days and the recommended maximum temperature in-use

varies between 25 °C and 37 °C. Tropical regions will often exceed
these temperature thresholds and, due to the climate crisis, periods
of extreme heat will occur more often in almost any part of the
world. Whereas WHO (WHO 2011) and regulatory bodies provide
guidance on how to handle the professional insulin cold chain,
there does not seem to be a consensus on the issue of temperature
and storage conditions of insulin at patients' level. Unclear or
conflicting information about optimal insulin storage may not only
put patients' health at risk, but may also lead to the possibility that
unused insulin is unnecessarily discarded (Flood 2015; Grajower
2003; Grajower 2014).

For this review, optimal cold-chain management from
manufacturing until the point of delivery to people with diabetes,
and adequate storage conditions at the professional healthcare
level, are seen as a prerequisite to investigating whether it is
possible for consumers to safely use insulin outside manufacturers'
recommended temperature range, especially without refrigeration
during the period of use in hot climate conditions. This is
particularly important in tropical and low-resource settings to
remove at least one significant barrier in the treatment of people
with diabetes aside from the major health equity issues of
affordability and availability of human insulin (Kaufmann 2021).

Why it is important to do this review

According to Naby Baldé, Vice-President of the IDF, "The majority
of families in low- and middle-income countries do not have
refrigeration facilities in their homes, or electric power and,
therefore, diverse methods of safely storing insulin should be
devised" (Devi 2021). Around 770 million people in LMICs do not
have access to electricity (Burki 2022; Pande 2022). Therefore, we
believe that this Cochrane Review provides useful information for
the global diabetes community residing in tropical regions and
living in challenging settings such as war-torn and natural disaster-
stricken areas or experiencing climate crisis-related periods of
extreme heat.

OBJECTIVES

To analyse the effects of storing human insulin above or below the
manufacturers' recommended insulin temperature storage range
or advised usage time, or both, after dispensing human insulin to
people with diabetes.

METHODS

Inclusion and exclusion criteria

With regard to the objectives, we established the following
'Population, Intervention, Comparator, Outcome, Timing' (PICOT)
table, as follows.

Item Definition

Population

1. Clinical studies: people with type 1 or type 2 diabetes mellitus treated with human insulin

2. Laboratory studies investigating insulin thermostability

Intervention

Storage of human insulin above or below manufacturers' recommended temperature storage

range or advised usage time, or both

Thermal stability and storage of human insulin (Review)
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Comparator Storage of human insulin according to manufacturers' recommended temperature storage range
or advised usage time, or both

Outcome 1. and 2. Potency and bioactivity parameters (e.g. measured by HPLC, bioassay, assessment of in-
sulin monomer structure, insulin efficiency, structural physical damage, physical damage visible to
the naked eye, antimicrobial activity)
1. Clinical parameters (e.g. HbAlc, blood sugar, hypoglycaemic episodes, diabetic ketoacidosis, ad-
verse events including potential additive effects of temperatures and recommended storage peri-
ods, health-related quality of life)

Timing Temperature studies: any time of exposure

Usage time studies: above manufacturers' recommended usage time for the analysed human in-

sulin formulation

HbA1c: glycosylated haemoglobin Alc; HPLC: high-performance liquid chromatography.

Types of studies

We included any clinical study fulfilling the above-mentioned
PICOT criteria. For this review, we were especially interested
in studies emulating living conditions of people with diabetes,
mimicking the daily use of human insulin. We also included
laboratory studies investigating the storage of human insulin above
or below manufacturers' recommended temperature storage range
or advised usage time, or both.

Diagnostic criteria for diabetes mellitus

In order to be consistent with changes in the classification of
and diagnostic criteria for diabetes mellitus over the years, the
diagnosis should have been established using the standard criteria
valid at the time of the study commencing (e.g. ADA 2003; ADA
2017; WHO 1999). Ideally, the diagnostic criteria should have
been described. We used the study authors' definition of diabetes
mellitus if necessary.

Specific exclusion criteria

We excluded the following studies.

« Studies investigating animal insulin.

« Studies investigating insulin analogues.

« Studies investigating the immediate effects of ambient
temperature on people with diabetes (i.e. no focus on storage
conditions of human insulin).

« In-vitro studies on cells or receptors.

« Casereports or case series.

Search methods for identification of studies
Electronic searches

One review author (MIM) developed the search strategies
using analytical text-mining of 24 relevant publications already
known to a second review author (BR), using the tools
PubReMiner (hgserver2.amc.nl/cgi-bin/miner/miner2.cgi) and Yale
MeSH Analyzer (mesh.med.yale.edu).

We searched the following sources from inception of each database
to 12 July 2023 and placed no restrictions on the language of
publication:

« Cochrane Central Register of Controlled Trials (CENTRAL) via the
Cochrane Register of Studies Online (CRSO);

« MEDLINE (Ovid MEDLINE(R) ALL 1946 to 22 July 2023);

« CINAHL EBSCO (Cumulative Index to Nursing and Allied Health
Literature);

« Science Citation Index Expanded (Web of Science);
« WHO Global Index Medicus (www.globalindexmedicus.net);
« ClinicalTrials.gov (www.clinicaltrials.gov);

« WHO International Clinical Trials Registry Platform (ICTRP)
(www.who.int/trialsearch).

For detailed search strategies, see Appendix 2. We continuously
applied an email alert service for MEDLINE via OvidSP to identify
newly published studies using the search strategy detailed in
Appendix 2.

Searching other resources

We contacted the three leading insulin-producing pharmaceutical
companies (Eli Lilly and Company, Novo Nordisk, Sanofi) and
two pharmaceutical companies producing biosimilar insulin
(BIOTON, Gan and Lee Pharmaceuticals) to obtain published and
unpublished data on insulin thermostability. We attempted to
identify other potentially eligible studies or ancillary publications
by searching the reference lists of included studies, systematic
reviews and meta-analyses. We also contacted the authors of
included studies to obtain additional information on the studies
and establish whether we may have missed further studies.

Data collection and analysis
Selection of studies

Two review authors (BR, BB) independently screened the abstract,
title, or both, of every record retrieved by the electronic searches.
We obtained the full text of all potentially relevant records.
We planned to resolve disagreements through consensus or by
recourse to a third review author (MIM). If we could not resolve
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a disagreement, we planned to categorise the study as 'awaiting
classification' and would have contacted the study authors for
clarification. We presented an adapted PRISMA flow diagram to
show the process of study selection (Page 2021). We listed all
articles excluded after full-text assessment in the Characteristics of
excluded studies table and provided the reasons for exclusion.

Data extraction and management

For studies that fulfilled our inclusion criteria, one review author
(BR) extracted the type of experimental study, study characteristics,
stated aim of the study, type and brand of human insulin,
use of concomitant oral antidiabetic agents, data on cold chain
management, temperature (constant, oscillating or both), light
exposure and usage time, container use (unopened, open, in-
use), container type (vial, cartridge, prefilled pens), sterility,
injection device (syringe, pen, pump), storage conditions, potency/
bioactivity parameters and clinical outcomes.

Another review author (BB) checked these data extractions, and we
planned to resolve any disagreements by discussion or, if required,
by consultation with a third review author (MIM). We established
our own context-specific data extraction sheets after piloting data
extraction for five studies. We planned to store all extracted data
and risk of bias evaluations (see below) online in an open repository
(Zenodo.org).

We emailed all authors of included studies to enquire whether they
would be willing to answer questions regarding their studies. We
presented the results of this survey in an appendix. Thereafter, we
sought relevant missing information on the study from the primary
study author(s), if required.

We planned to provide information for potentially relevant ongoing
trials in the Characteristics of ongoing studies table.

Dealing with duplicate and companion publications

In the event of duplicate publications, companion documents or
multiple reports of a primary study, we maximised the information
yield by collating all available data, and we used the most complete
data set aggregated across all known publications. We listed
duplicate publications, companion documents, multiple reports
of a primary study, and trial documents of included trials (such
as trial registry information) as secondary references under the
study identifier of the included study. Furthermore, we listed
duplicate publications, companion documents, multiple reports of
a study and trial documents of excluded trials (such as trial registry
information) as secondary references under the study identifier of
the excluded study.

Data from clinical trial registers

If data from included trials were available as study results in
clinical trial registers, such as ClinicalTrials.gov or similar sources,
we planned to make full use of this information and extract the
data. If there was also a full publication of the study, we collated
and critically appraised all available data. If an included study
was marked as completed in a clinical trial register but there was
no additional information (study results or publication, or both)
available, we planned to add this study to the Characteristics of
studies awaiting classification table.

Assessment of risk of bias in included studies

Two review authors (BR, BB) planned to independently assess
the risk of bias for each included study. We planned to resolve
disagreements by consensus or by consulting a third review author
(MIM). If adequate information was not available from the study
publications, study protocols or other sources, we planned to
contact the study authors to request missing data on items relating
to the risk of bias.

For randomised controlled trials (RCTs), we planned to use the
Cochrane RoB 2 tool (Flemyng 2023; Higgins 2022a). For non-
randomised clinical studies, we planned to use the Cochrane risk
of bias in non-randomised studies of interventions tool, ROBINS-I
(Sterne 2016). For all other types of included studies, we planned to
address risk of biasin a meaningful and transparent way, if possible,
using appropriate instruments described in the literature.

Dealing with missing data

We attempted to obtain missing data from the authors of included
studies.

Data synthesis

We did not expect data suitable for meta-analysis. If possible, we
planned to perform statistical analyses according to the statistical
guidelines presented in the Cochrane Handbook for Systematic
Reviews of Interventions (Higgins 2022b). In case statistical analyses
were not possible or meaningful, we planned to present data in a
highly structured tabulated format which we wanted to store online
in an open repository (Zenodo.org).

Subgroup analysis

We expected the following characteristics to introduce
heterogeneity, and we planned to investigate the following
subgroups, if feasible.

« Insulin type

« Storage temperature (depending on data)
« Usage time (depending on data)

« Injection device

Sensitivity analysis

Should meta-analysis have been possible, we planned to explore
the influence of important factors on effect sizes, by performing
sensitivity analyses in which we restricted the analyses to the
following.

» Published studies
« Studies with low risk of bias

+ Largestudies, to establish the extent to which they dominate the
results

Certainty of the evidence

For clinical studies, we planned to present the overall certainty
of the evidence for each outcome specified below, according to
the GRADE approach, which takes into account issues related
to internal validity (risk of bias, inconsistency, imprecision,
publication bias) and external validity (such as directness of
results). Two review authors (BR, BB) planned to independently
assess the certainty of the evidence for each outcome. We wanted
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to resolve any differences in assessment by discussion or by
consultation with a third review author (MIM). We planned to use
GRADEpro GDT software and wanted to present evidence profile
tables as an appendix.

If meta-analysis was not possible, we presented the results in a
narrative format in the summary of findings tables. If possible, we
justified all decisions to downgrade the certainty of the evidence
using footnotes, and we made comments to aid the reader's
understanding of the Cochrane Review when necessary.

Summary of findings table

We presented a summary of the evidence in summary of findings
tables. For clinical studies, we provided key information about
the best estimate of the magnitude of effect, in relative terms
and as absolute differences for each relevant comparison of
alternative management strategies; the numbers of participants
and studies addressing each important outcome; and a rating
of overall confidence in effect estimates for each outcome. We
created summary of findings tables using the methods described
in the Cochrane Handbook for Systematic Reviews of Interventions
(Schiinemann 2022).

According to our PICOT setting, interventions presented in the
summary of findings tables were planned to be the storage of
human insulin above or below manufacturers' recommended
temperature storage range or advised usage time, or both.
The comparators were the storage of human insulin according

to manufacturers' recommended temperature storage range or
advised usage time, or both.

We wanted to evaluate the following outcomes reported in clinical
studies, listed according to priority.

+ Potency/bioactivity parameters of human insulin
« Diabetic ketoacidosis

« Hypoglycaemic episodes

« Adverse events

» Health-related quality of life

+ Glycosylated haemoglobin Alc (HbAlc)

+ Fasting blood/plasma glucose

RESULTS

Results of the search

After removal of duplicates, our search identified 7051 records
(Figure 1). We excluded most of the references on the basis of
their titles and abstracts because they clearly did not meet the
inclusion criteria. We evaluated 91 full-text articles. Of these, we
excluded 69 articles. The main reasons for exclusion were studies
investigated insulin other than human insulin, commentaries/
viewpoints providing no data and studies on storage conditions
without insulin. We did not identify any ongoing trials. Finally, we
included 17 studies (22 records). We supplemented our searches by
screening reference lists of all eligible articles.
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Figure 1. Study flow diagram.
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We contacted all study authors in case we required further
information or clarification (Appendix 3). Six authors replied
(Baechler 2020; Delbeck 2021a; Kaufmann 2021; Kongmalai 2021;
Silva 2013; Silva-Jr 2022), and three authors made additional data
available (Delbeck 2021a; Kaufmann 2021; Kongmalai 2021).

Building on the advice from the WHO, we contacted five
manufacturers of human insulin (BIOTON and Gan and Lee
Pharmaceuticals (both biosimilar manufacturers), Eli Lilly and
Company, Novo Nordisk, Sanofi). We requested specific data on
human insulin when tested above or below the manufacturers'
recommended insulin temperature storage range or advised usage
time, or both and provided an Excel template detailing the sort
of container, batch number, storage condition, time points of
storage, investigated components, results including result unit and
reference range. We received data with varying degrees of detail
from BIOTON, Eli Lilly and Company, Novo Nordisk and Sanofi.

Baseline characteristics of included studies

For details on baseline characteristics of the included studies, see
Table 1; Table 2.

Ofthe 17 included studies, there was only one pilot clinical study (Al
Shaibi 1999), and the remaining 16 investigations were laboratory
(in-vitro) studies. Ten studies investigated storage conditions
for insulin vials (Al Shaibi 1999; Baechler 2020; Gregory 1991;
Kaufmann 2021; Moses 2019; Pendsey 2023; Schrader 1985; Silva
2013; Silva-Jr 2022; Vimalavathini 2009). Three studies investigated
storage conditions for insulin cartridges/pens (Delbeck 2021a;
Kongmalai 2021; Shnek 1998). Four studies investigated storage
conditions for prefilled plastic syringes (Dunbar 1986; Koffler 1992;
Lull 2013; Tarr 1991).

Six studies were published in the USA; two studies each in Germany,
India and Switzerland; and one study each in Brazil, Israel, Saudi
Arabia, the UK and Thailand.

Data from study publications

In this review, we reported data on human insulin formulations only
(for details, see Characteristics of included studies table). To put
human insulin data into perspective, see Appendix 1.

Pilot clinical study

For an overview of main results, see Summary of findings 1.

Eight healthy physicians (aged 25 to 60 years) participated in the
study (Al Shaibi 1999). In the open section of the study, four males
used 'prestorage’ insulin as reference insulin. In the double-blind
section of the study, four females used refrigerated (4 °C) insulin
as reference. For these participants, the reference insulin and the
insulin stored in a clay pot were available at the same time and the
order of use was randomised using a coin toss. Here, both study
participants and study personnel were reported to be blinded to
the allocation. In addition, two people with diabetes who used
regular and neutral protamine Hagedorn (NPH) insulin stored in a
clay pot during a two-month period while living in a tent in the
desert participated.

Human insulin was stored in a refrigeratorat4°C orin a zeer (a semi-
porous unglazed clay pot enabling water to slowly seep through
the wall and evaporate, lowering the temperature of the remaining
water). A glass jar was partially filled with desert sand and put in

the centre of the zeer. A water bath was created by adding water
outside the jar to the same level as that of the sand in the glass
jar. Water was added to the mark (topped up) daily from a larger
water storage zeer. The zeer was closed with a clay lid and kept in
the shade. An exact replica, but without water (a dry zeer) was also
used to store insulin and record temperatures. Additional bottles
of insulin were kept outside in the shade, in the bathroom of an
air-conditioned house and in a refrigerator. Ten units (U) of insulin
were removed twice daily from each insulin vial to simulate usage
conditions. Temperature readings were taken at 7:00 hours or 12:00
hours during the six-week storage period.

To investigate insulin sensitivity, baseline blood samples were
taken in fasting participants and insulin 0.1 U/kg bodyweight was
intravenously applied. For 30 minutes after the injection, blood
samples were drawn every five minutes. Study authors measured
the fall in plasma glucose levels using a computerised best fit
method.

The mean temperatures were as follows: outside 38.3 °C (range 34
°C to 43 °C), insulin zeer 26.6 °C (range 25 °C to 27 °C), dry zeer 34.6
°C (range 30 °C to 39 °C), insulin vials stored in the shade 35.3 °C
(range 31 °C to 39 °C), water zeer 26.7 °C (range 25 °C to 28 °C),
bathroom 26.4 °C (range 25 °C to 27 °C) and refrigerator 4 °C. There
were no changes in colour or appearance of the insulins. The mean
fall in plasma glucose levels following reference insulin was 0.213
mmol/L/minute, whereas it was 0.192 mmol/L/minute following
the zeer-stored insulin, representing 9.9% less fall in glucose in
the zeer-stored insulin (very low-certainty evidence). Investigators
reported that the observed difference in the rate of glucose decline
was not 'statistically significant'. The two participants with diabetes
reported no changes in the appearance of insulin or adverse events
and no changes in diabetic control.

Study authors did not report on diabetic ketoacidosis,
hypoglycaemic episodes, adverse events, health-related quality of
life or HbAlc.

Certainty of the evidence was very low due to risk of bias
(unclear randomisation and allocation concealment, indirectness
(surrogate outcome, insufficient time frame) and imprecision (very
small sample size, one study only)).

In-vitro studies

For an overview of the main results, see Summary of findings 2.

Of note, European and US Pharmacopeia (USP) stipulate that
humaninsulin should have a potency of 95% to 105% of the potency
stated on the label, expressed in USP insulin human units/mL (i.e.
human insulin labelled '100 U/mL' has to contain 95 U/mL to 105 U/
mL of insulin) (European Pharmacopoeia 2023; USP 2016). No data
exist clearly relating different insulin potencies to insulin efficacy
(i.e. the lowering of blood glucose). However, it is evident that, for
example, insulin 80 U/mL lowers blood glucose to a lesser degree
than, for example, 90 U/mL. However, the clinical insulin effect
depends on many individual factors (e.g. age, bodyweight, physical
activity, dietary habits, comorbidities such as infections and blood
glucose values before insulin injection).

Due to considerable heterogeneous study data, it was not
possible to draw up a straightforward evidence synthesis of
publication results. Instead, Table 3 provides an overview of
data and key results from study publications. The included
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studies reported numerous methods, laboratory measurements
and storage conditions. Study authors often applied reverse-phase
high-performance liquid chromatography (RP-HPLC) to measure
insulin potency (Kaufmann 2021; Kongmalai 2021; Lull 2013; Moses
2019; Pendsey 2023; Schrader 1985; Shnek 1998; Silva 2013;
Tarr 1991; Vimalavathini 2009). Older publications cited methods
that are rarely used today (e.g. radioimmunological activity)
(Dunbar 1986; Schrader 1985), degradation of protein (Gregory
1991), cultures in infusion broths (Koffler 1992), and short-time
plasma glucose levels after intravenous insulin injection (Al Shaibi
1999). Some study authors employed sophisticated methods (e.g.
mass spectrometry (Baechler 2020) or proton nuclear magnetic
resonance spectroscopy (IH NMR) (Pendsey 2023)) for insulin
concentration and newer methods to evaluate insulin protein
structural changes (Delbeck 2021a; Silva-Jr 2022).

Applied temperature and storage of human insulin vials
and cartridges/pens also varied across studies. Study authors
investigated insulin potency at 24 °C for up to 42 days (Silva 2013),
at 30 °C for up to 10 weeks (Moses 2019), and at 26.3 °C to 28.9 °C
for up to four months (Pendsey 2023). Many authors investigated
insulin potency (Baechler 2020; Gregory 1991; Kaufmann 2021,
Kongmalai 2021; Vimalavathini 2009), or structural changes of the
insulin protein (Delbeck 2021a; Silva-Jr 2022), at up to continuous
37 °C, ranging from 28 days (Vimalavathini 2009) to 26 weeks
(Gregory 1991). Two publications applied fluctuating temperatures
between 25 °C and 37 °C for 28 days to 12 weeks, mimicking real-life
conditions (Kaufmann 2021; Shnek 1998). Two publications used
additional stress tests, such as rotation of cartridges (Shnek 1998)
or shaking of insulin vials (Schrader 1985).

Four studies reported twice-daily insulin sampling simulating
usage by people with diabetes (Al Shaibi 1999; Gregory 1991;
Kaufmann 2021; Kongmalai 2021). Multiple punctures of vials and
cartridges as well as reduced volume of insulin in the container did
not alter insulin potency.

Investigations on prefilled syringes, important for people with
visual or manual impairments, included a temperature range of 4
°C to 23 °C for 10 to 28 days (Dunbar 1986; Koffler 1992; Lull 2013;
Tarr 1991). There was no clinically relevant loss of insulin activity,
and no signs of microbial growth.

Investigations on vials with different temperature and storage
conditions showed no (Kaufmann 2021, fluctuating temperatures
at 25 °C to 37 °C for up to three months) or no clinically relevant
reduction in insulin concentrations for short-acting, intermediate-
acting and mixed insulin (Al Shaibi 1999; Baechler 2020; Moses
2019; Pendsey 2023; Schrader 1985; Silva 2013; Silva-Jr 2022). Two
publications reported a more pronounced loss in insulin activity:
Vimalavathini 2009 noted 18% after 28 days at 37 °C and 14%
after 28 days at 37 °C for short-acting and biphasic human insulin,
respectively. Kaufmann 2021 noted a decrease of 17.2% after eight
weeks at continuous 31 °C for NPH insulin. These authors also
reported a decrease of 15.4% after one week at continuous 37 °C
for premixed short-acting/NPH insulin as well as a 12.5% decrease
after two weeks at 37 °C for short-acting insulin.

Investigations on cartridges/pens did not show a decrease ininsulin
potency outside the specification limits after 28 days of fluctuating
temperatures at 25 °C to 37 °C and agitation for intermediate-acting
and mixed insulin (Shnek 1998). However, after continuous high
temperatures over 28 days at 37 °C and agitation, there were visual

changes (Shnek 1998). Other investigators observed no reductions
of insulin activity outside the specification limits after 28 days at
37 °C for intermediate-acting insulin (Kongmalai 2021), or insulin
protein structural changes after 10 weeks at 37 °C for intermediate-
acting NPH insulin (Delbeck 2021a).

The following sections provide a detailed overview of the individual
study data reported in publications.

Studies on vials

Ten studies investigated storage conditions for insulin vials (for the
pilot clinical study (Al Shaibi 1999) see above).

+ Schrader 1985: various insulin manufacturers provided soluble
neutral human insulin 40 U/mL which were investigated by
HPLC, using reversed phase and gel-filtration chromatography.
Preparations were shaken for 72 hours at 37 °C and at
ambient temperature. Radioimmunological activity was tested
and investigators inoculated parts of the insulin sediment
on culture plates to look for bacterial growth. Investigations
performed at ambient temperature showed the same molecular
insulin weight as investigations performed at 37 °C. The material
inoculated on culture plates showed no bacterial growth.

« Gregory 1991: single vials of short-acting human insulin were
stored under each of the following environmental conditions
and in the laboratory: 4 °C in the dark; room temperature 19
°C to 24 °C in the dark; room temperature 18 °C to 25 °C in
daylight; in direct sunlight on a window sill (8 °C to 35 °C);
at 37 °C in the dark; and carried in the breast pocket of a
shirt. Some vials were subjected to twice-daily sampling (i.e.
small amounts of insulin were removed to simulate injections).
HPLC measurements were taken immediately after dispensing
and at 2, 4, 6, 8, 10, 14, 18 and 26 weeks. The initial insulin
content in human insulin vials was 98.2% (standard deviation
(SD) 0.08) of total protein. None of the environmental conditions
caused a significant loss of total protein during the six months
of study. Human insulin kept at 4 °C and in the dark without
sampling was associated with the slowest degradation (-0.069%
total protein/week). The vials kept in direct sunlight and at 37
°C in the dark degraded most quickly (—0.749% total protein/
week and -1.184% total protein/week, respectively). The slope
estimates from the four vials kept at room temperature were
similar. Repeated sampling only affected the degradationratein
the vials kept at 4 °C in the dark.

« Vimalavathini 2009: two human insulin formulations, short-
acting insulin and mixed insulin (30/70) were purchased from
the open market from three different manufacturers. Human
insulin formulations were stored at five different temperatures
(i.e. 5 °C (refrigerator), 25 °C (air-conditioned room), 26° (mud
pot), 32 °C (room temperature) and 37 °C (room temperature
in summer)). Samples were drawn from these vials every
seven days for 28 days and analysed by HPLC. Study authors
also performed an insulin tolerance test in rabbits showing a
considerable decrease in blood glucose levels with respect to
basal glucose (for details, see Table 4). All three brands of insulin
for both formulations did not differ considerably in their insulin
content during various sampling times and temperatures. There
was no difference in concentration of insulin in vials stored at
25 °C and 26 °C compared to those stored at 5 °C on all five
sampling days. Insulin in vials stored in the mud pot (26 °C)
retained insulin potency. There was a 14% and 18% decrease
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in the concentration of short-acting insulin in vials stored at 32
°C and 37 °C on day 28. There was an 11% and 14% decrease

in the concentration of short-acting insulin in biphasic insulin
formulation in vials stored at 32 °C and 37 °C on day 28.

Silva 2013: intermediate-acting insulin in vials were stored in a
refrigerator at 2 °C to 8 °C and at room temperature at 22 °C
to 24 °C. A modified HPLC assay was used to quantify insulin
area under the curve (AUC) profiles under different storage
conditions (i.e. time 0 (opening) and days 28, 35 and 42).
Investigators could not confirm which peaks corresponded to
metacresol preservative or insulin nor additional procedures to
detect degradants. After 35 days at room temperature, the 12-
minute and 21-minute peak ranged between 94% and 101% and
94% and 100% of time zero AUC reference values, respectively.
After 42 days, the 12-minute and 21-minute peak was 93% and
94% of time zero AUC reference values, respectively.

Moses 2019: short-acting and intermediate-acting insulins were
analysed for insulin concentration and stability by means of RP-
HPLC. Following storage for 30 months at 5 °C and handling
as per procedure during the cold-chain transport and during
pharmacy storage samples were then: 1. left at 30 °C for
six weeks to mimic in-use impact (mimicking as per label
conditions); and 2. left for four weeks at 30 °C to mimic
non-recommended handling conditions and then left at 30 °C
for six weeks to mimic in-use impact. None of the samples
were outside the US Food and Drug Administration's (FDA)
specifications. After 6 and 10 weeks at 30 °C, the mean decrease
in insulin concentration for short-acting insulin was 3.1 IU/mL
(95% confidence interval (Cl) 4.0) and 4.0 IU/mL (95% Cl 4.9),
respectively. After 6 and 10 weeks at 30 °C, the mean decrease in
insulin concentration for intermediate-acting insulin was 1.0 U/
mL (95% Cl 1.9; as reported in publication) and 1.4 IU/mL (95%
Cl 2.3; as reported in publication), respectively.

Baechler 2020: vials containing short-acting human insulin
were stored according to manufacturer specifications until
measurement of insulin content and stability by mass
spectrometry. Formulations were sampled on days 1, 2, 3, 4,
5, 8,9, 10, 11, 12, 15, 16, 17, 54 and 85 upon storage at 4
°C, 22 °C and 37 °C in temperature-controlled environments
with electronic temperature monitoring (either refrigerator or
incubators) to simulate various real-life conditions. There was
no systematic difference in insulin content between unopened
vials (obtained from the pharmacy) and already used vials
(obtained from hospital wards and people with diabetes).
Screening for degradation products throughout the study was
negative. The mean insulin concentrations (with coefficient of
variation (CV)) over all measurements and 86 days were as
follows: 4 °C: 98.6 U/mL (CV 5.5%); 22 °C: 99.4 U/mL (CV 5%); 37
°C:98.7 U/mL (CV 4.6%).

Kaufmann 2021: specifically investigated the influence of
fluctuating temperatures on insulin thermostability, thereby
mimicking cycling temperatures which are observed in hot
regions and in conflict and humanitarian emergency settings.
The study authors measured temperature fluctuations in the
Dagahaley refugee camp (Northern Kenya) and observed
oscillating temperatures between 25 °C and 37 °C with a
12-hour cycle (starting at 25 °C, increasing to 37 °C in 12
hours, then back to 25 °C in 12 hours) which were replicated
in a laboratory in Geneva (Switzerland) for a first series
of vials. For a second series of samples, insulin was taken
out daily to simulate a typical daily treatment with doses
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of 10 IU in the morning and 12 IU in the evening. In a
third series, the effect of continuous (isothermal) exposure
to high temperatures of 31 °C and 37 °C was investigated
to compare results with data available in the literature. The
two insulin formulations considered as essential medicines by
the WHO (i.e. short-acting insulin and intermediate-acting NPH
insulin) were exposed to a continuous temperature of 37 °C.
Also, a series of mixed insulin vials were stored at ambient
temperature in Kenya for four weeks of use by people with
diabetes and brought back to Geneva for analysis. Insulin
stored at 2 °C to 8 °C was used as positive control and heat-
degraded insulin as negative control analysing degradation
after heating to 80 °C and agitation for 30 minutes. Study
authorsinvestigated three parameters: insulin potency by HPLC,
conservation of the tridimensional conformation of insulin
by circular dichroism and residual bioactivity by measuring
insulin efficiency on insulin receptors. Visual inspection was
performed according to European Pharmacopeia prescriptions.

Concentrations of the preservatives phenol and metacresol

indicating proper antimicrobial activity in the formulations were

measured. Microbial contamination was investigated by taking
transmission electron microscopy (TEM) images of the samples.

Insulins studied were short-acting insulin, intermediate-acting

NPH insulin and premixed short-acting/NPH insulin (30% short-

acting insulin/70% NPH insulin) in vials.

o Oscillating temperatures (25 °C to 37 °C): after 4 and 12
weeks, short-acting insulin potency as compared to time
zero (baseline) was 100.1% (SD 0.5) and 101.3% (SD 2.3),
respectively. Results for NPH insulin were 101.3% (SD 1.3)
and 101.6% (SD 8.9), respectively. Results for premixed
short-acting/NPH insulin were 100.6% (SD 1.6) and 101.9%
(SD 3.5), respectively. Vials of mixed insulin returned from
Kenya after four weeks of storage at ambient temperature
at the individual's home were above 90% compared to the
same mixed insulin exposed to four weeks of temperature
cycling in the laboratory. None of the examined formulations
showed visual changes in terms of yellowish colour or
larger aggregates. After 12 weeks, phenol and metacresol
concentrations were 92.4% to 94% and 92.7% to 97.7%
of claimed values, respectively. There was no microbial
contamination detected. Tridimensional conformation of
insulin monomers was identical in all investigated samples.
Mixed insulin under storage conditions oscillating between
25 °C and 37 °C for 12 weeks maintained bioactivity similar to
insulin stored at 4 °C. Mixed insulin stored for four weeks out
of refrigerationin a person'shomein Kenya and mixed insulin
at 25 °C to 37 °C for 12 weeks in the laboratory maintained
bioactivity similar to insulin stored at 4 °C. The presence of
air in the vials and multiple septa punctures had no impact
on stability, and there was no difference in stability between
insulin conditioned in pen cartridges and 10 mL glass vials.

o Isothermal temperatures (31 °C and 37 °C): after 1, 4 and 8
weeks at continuous 31 °C results for NPH insulin activity
as compared to time zero were 100.2% (SD 6.3), 94.8% (SD
5.4) and 82.8% (SD 4.0), respectively. After one week at
continuous 37 °C, premixed short-acting/NPH insulin activity
showed a 15.4% decrease, and after two weeks, short-acting
insulin activity showed a 12.5% decrease.

o In an additional stability study on premixed short-acting/
NPH insulin in vials (30% short-acting insulin/70% NPH
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insulin) study authors investigated the following parameters
(personal communication).

m Temperature cycles between 17 °C and 45 °C: insulin
formulations were stable.

m Proportion between 'night' and 'day' by changes in
temperature cycles 25 °C to 37 °C with 14 hours of
exposure to higher temperatures, defined as 'day' period:
insulin formulations were stable over four weeks. Insulin
concentrations were all in the range of 100% + 10% of the
value at time zero.

m Residual bioactivity of insulin and molecular
conformation: an excellent correlation was found
between potency determination by HPLC, tridimensional
structure verification and residual bioactivity in living cell
lines.

Silva-Jr 2022: vials containing short-acting and intermediate-
acting human insulin were stored at 4 °C and 37 °C for
five weeks with weekly sampling to study the formation of
subvisible particles. Measurements included TEM to analyse the
presence of agglomerates, thioflavin T (ThT) fluorescence to
measure the formation of amyloid material and electrospray
ionisation ion-mobility spectrometry mass spectrometry (ESI-
IMS-MS) to evaluate the formation of aggregates due to
chemical degradation. Additionally, dynamic light scattering
(DLS) monitored the oligomeric and particulate distribution
of insulin, and size-exclusion chromatography (SEC) was
performed for additional evaluation of the products. No amyloid
particles were detected after four weeks of storage. However,
large amorphous agglomerates were observed at 35 days
after first handling, both at 4 °C and 37 °C. The chemical
stability of the investigated short-acting human insulin was not
affected. Overall, data suggested the formation of subvisible and
submicrometre amorphous particulate matter in insulin shortly
upon use.

Pendsey 2023: vials containing human short-acting,
intermediate-acting and mixed 30/70 insulin were stored in

Cochrane Database of Systematic Reviews

water-tight bags, in open plastic containers, placed on a
cupboard or high shelf, or in water-tight bags in clay pots
with a separate water compartment and all in shaded areas.
Six families with a young person with T1IDM attending the
Diabetes Research Education and Management (DREAM) Trust
in Nagpur, India participated in the study. Control vials of each
insulin were also kept refrigerated at the DREAM Trust. All
samples of each type of insulin came from one batch. Insulins
were stored by families for one, two and four months, and
then retrieved and refrigerated at the DREAM Trust. Samples
were cold-chain couriered to the University of Florida, USA and
University of Gothenburg, Sweden and kept refrigerated until
analysis. All insulin vials remained unused until analysis. At the
University of Florida, analyses were conducted by HPLC. The
University of Gothenburg used 1H NMR. For all analyses, an
insulin concentration of 100% + 5% was acceptable according
to the USP standard. In the analysis at the University of Florida,
insulin activity at 26.3 °C to 28.9 °C and up to four months
compared to baseline for short-acting (Figure 2), intermediate-
acting (Figure 3), and mixed insulin (Figure 4) ranged between
-0.7% and -2.4%, —0.7% and +2.1%, and -1.8% and +0.8%,
respectively. In the analysis performed at the University of
Gothenburg, there was a subtle line width increase and slight
peak shifts in nuclear magnetic resonance spectra, which
correlated with storage time for non-refrigerated samples.
According to the study authors, this was probably due to altered
conformation or multimerisation in a minor fraction of the
insulin molecules. There was no loss of relative concentration
using nuclear magnetic resonance. There was no decrease in
total concentration in any of the insulin types observed as
being larger than the precision of measurements (less than 1%),
regardless of storage time or type of storage. The declinein mean
potency for those samples stored in clay pots across all insulins
at month four (0.5%) was lower than that for those stored in
open boxes (3.6%).
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Figure 2. Short-acting human insulin assay (mean IU/mL with standard deviation) stored at 26.3 °C to 28.9 °C
between baseline (month 0) and up to 4 months (data calculated from supplementary appendix Pendsey 2023,

insulin reference value 95 IU/mL to 105 IU/mL). IU: international units.
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Figure 3. Intermediate-acting human insulin assay (mean IU/mL with standard deviation) stored at 26.3 °C to 28.9
°C between baseline (month 0) and up to 4 months (data calculated from supplementary appendix Pendsey 2023,
insulin reference value 95 IU/mL to 105 IU/mL). IU: international units.
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Figure 4. Mixed human insulin assay (mean IU/mL with standard deviation) stored at 26.3 °C to 28.9 °C between
baseline (month 0) and up to 4 months (data calculated from supplementary appendix Pendsey 2023, insulin
reference value 95 IU/mL to 105 IU/mL). IU: international units.
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Studies on cartridges/pens

Three studies investigated storage conditions for insulin cartridges/
pens.

Shnek 1998: short-acting, intermediate acting and mixed human
insulin cartridges were investigated to evaluate the combined
effect of temperature and agitation. Study authors performed
temperature cycling (25 °C to 37 °C) tests in an incubator
unit combined with resuspensions conducted twice daily on a
mechanical device outside the incubator unit. The incubator
unit was calibrated within the temperature range 25 °C to
37 °C. The temperature changed from 25 °C to 37 °C over
two hours, with 10-hour periods at each temperature. The
temperature was decreased from 37 °C to 25 °C over two
hours and the cycle was repeated for 28 days. Cartridges
were visually assessed by trained operators after resuspension
on test days 0, 7, 14, 21 and 28. Cartridges were checked
for visual changes compared to quiescent refrigerated control
samples. For solutions, visual changes included changes in
colour and clarity from a clear solution. For suspensions, visual
changes included the presence of large aggregates (clumps),
material adhering to the cartridge wall (frosting), or both. RP-
HPLC was used to determine total insulin activity. Additionally,
study authors performed continuous high-temperature (37 °C)
exposure tests in an incubator unit combined with periodic daily

2.0

4.0

Months

agitation by rotation devices while still inside the incubator
unit. The incubator unit was calibrated to 37 °C. The cartridges
were rotated at 30 rotations per minute (rpm) for four hours
by custom-made rotators. Additional agitation was imparted on
the test cartridges through resuspension outside the incubator
unit. The resuspension machine was used after the cartridges
were removed from the incubator unit and prior to visual
assessment. The resuspension machine performed three sets
of 10 rolls plus 10 inversions. Cartridges were visually assessed
after resuspension by trained operators on test days 0, 2,
5, 7,9, 11, 14, 17, 21, 24 and 28. Also, microscopy, particle
size determination and electrophoretic mobility measurements
were carried out. For short-acting soluble insulin, all stress
testing studies showed no change in the product for all
conditions tested. For intermediate-acting and mixed human
insulin suspension, HPLC assays were within specification after
28 days of temperature cycling and agitation. Continuous high
temperature testing of both suspension products resulted in an
HPLC potency measurement for a visually unchanged cartridge
that was within specifications after one week of testing.
However, after continuous high temperature over 28 days, there
were visual changes (agglomerate formations) observed.

Kongmalai 2021: study authors investigated the effect of
different temperatures in a tropical country on the stability of
intermediate-acting insulins after opening. Opened insulin pens
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were stored at room temperature, in a refrigerator (2 °C to 8
°C) or in an incubator (37 °C) for 28 days. Room temperature
and humidity were recorded every hour throughout the study
period. In the experimental group, all insulin pens were opened
and flipped back and forth 20 times. Two units of insulin were
discarded every day to simulate the daily usage by insulin-
treated people with diabetes. In the control group, an unopened
insulin pen from each batch was stored in a refrigerator. All in-
useinsulin pens were kept away from direct exposure to sunlight
or artificial light. Insulin was analysed using ultra HPLC and the
quantity of insulin was reported as mean and SD of AUC. During
the study period, the mean room temperature was 29.7 °C (SD
2.8) (range 25.5 °C to 37.1 °C). The mean daytime temperature
(6 a.m. to 7 p.m.) was 31.1 °C (SD 2.9) (range 27.1 °C to 37.1
°C) and the mean night-time temperature (7 p.m. to 6 a.m.) was
28 °C (SD 1.3) (range 26 °C to 31 °C). The mean humidity in
the room was 74.6% (SD 9) (range 50.0% to 89.5%). The mean
humidity was 50% in the refrigerator and 38% in the incubator.
The percent change in insulin quantity from baseline AUC after
28 days ranged from -2.6% to +1.4% and -1.5% to +0.7% at room
temperature and incubator condition, respectively.

Delbeck 2021a: insulin specimens were studied by means of
infrared (IR) attenuated total reflection (ATR) spectroscopy for
comparison of protein structural changes. Insulin cartridges
contained intermediate-acting human NPH insulin with a
biological activity of 100 insulin units (1U)/3 mL. Samples were
stored in climatic exposure cabinets at 0 °C, 20 °C and 37 °C
for different durations (up to 10 weeks). Significant changes
within the insulin samples at various storage temperatures
due to misfolding and subsequent fibrillation allowed the
assumption of a decrease in bioactivity. Especially under storage
conditions at high temperature (37 °C), there was an increased
quantity of -sheet fractions in ultrafiltrated insulin samples
(non-stabilised hormone purified by ultrafiltration, i.e. pure
insulin without excipients) detected by band deconvolution,
underlining protein structural misfolding. Compared to the
ultrafiltrated insulin samples, there were only small shifts
detected for the other formulations, suggesting that the
added stabilisers were protecting the insulin effectively from
accelerated misfolding.

Studies on prefilled syringes

Four studies investigated storage conditions for prefilled plastic
syringes.

Dunbar 1986: insulin syringes of three manufacturers were filled
with short-actinginsulin and stored at 4 °C for two weeks. After 1,
3, 7 and 14 days, the syringes were removed, and aliquots were
taken for radioimmunoassay and radioreceptor determinations.
Samples of refrigerated stock insulin served as controls. The
insulin content of samples stored in plastic syringes for up
to two weeks was similar to that of the stock controls and
comparable in their degradation. Regarding biological potency
of insulin, receptor-binding isotherms were the same for the
different types of insulin as well as for the type of storage.

Tarr1991: the stability and sterility of short-acting, intermediate-
acting, mixed and extemporaneously prepared combination
human insulin was evaluated after storage in 1 mL
polypropylene syringes. For each type of insulin, 0.4 mL samples
were withdrawn from multiple-dose vials into polypropylene
syringes and propylene-ethylene copolymer syringes. Half of

the syringes were placed in a plastic bag and kept at room
temperature (22 °C to 23 °C), while the other half were placed in
a plastic bag and kept in the refrigerator (3 °C to 5 °C). A vial of
each type of insulin was maintained under the same conditions
as the syringes. On days 1, 3, 7, 14, 21 and 28, three syringes
stored at each temperature were removed, and the contents
were analysed by HPLC for insulin potency, and metacresol
and phenol concentrations. Study authors compared insulin
potency data with the potency of insulin in the syringes on
day 0. The concentrations of the preservatives on each test day
were compared with the initial concentrations in the vials on
day 0. The human insulins stored at 4 °C and 23 °C did not
show a significant loss of activity in either type of syringe during
the 28-day test period (Table 5). The metacresol concentration
decreased in all human insulins tested at room temperature
during the 28-day study. The percent change from baseline
insulin concentration after 28 days at 4 °C for short-acting
insulin, intermediate-acting insulin and mixed insulin ranged
from -1.5% to +0.6%, +1.0% to +2.5% and -0.2% to 2.4%,
respectively. The percent change from baseline concentration
after 28 days at 23 °C for short-acting insulin, intermediate-
acting insulin and mixed insulin ranged from -1.9% to +1.7%,
+0.7% to +4.7% and -1.0% to —1.7%, respectively. The samples
stored in polypropylene syringes tended to show a greater
decrease in metacresol concentration than those stored in
propylene-ethylene copolymer syringes. Phenol concentrations
were less affected than metacresol concentrations in both types
of plastic syringes. Phenol concentrations decreased in the
samples stored in plastic syringes at room temperature. None
of the human insulin products that were drawn into the two
different plastic syringes showed any microbial growth.

« Koffler 1992: syringes were filled with 10 U of short-acting insulin
(later withdrawn for commercial reasons by the manufacturer)
and intermediate-acting insulin. The prefilled insulin syringes
were keptin a refrigerator at 4 °C for up to 10 days. After 10 days,
insulin samples from each syringe were cultured concurrently in
brain-heart infusion broth and in thioglycollate brain infusion
broth. The samples were incubated at a temperature of 37 °C
under aerobic and anaerobic conditions for up to seven days,
with a daily check for growth. There were no signs of bacterial
growth evident in any of the specimens.

o Lull 2013: the stability of short-acting U-500 insulin was
evaluated after storage in polypropylene insulin syringes. Each
syringe was filled with U-500 insulin 0.25 mL (125 U). Samples
were analysed immediately to establish day 0 stability values.
The remaining syringes were kept capped inside an open tray
in a laboratory refrigerator (3 °C to 5 °C). At days 7, 14, 21
and 28, syringes were removed for analysis by RP-HPLC. In
addition, a sample was drawn for a forced degradation sample.
Study authors calculated the mean AUC for insulin peak. The
percentage of the initial concentration remaining at days 7, 14,
21 and 28 was 97.8% (SD 0.6), 99.4% (SD 3.9), 99.9% (SD 2.4) and
93.3% (SD 2.4), respectively.

Data from manufacturers

Most data below refer to unopened containers (vials, cartridges)
being punctured only once for analysis, which is standard
procedure throughout the pharmaceutical industry.

Four manufacturers (BIOTON (biosimilar manufacturer), Eli Lilly
and Company, Novo Nordisk and Sanofi) provided data on
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thermostability of human insulin. We did not obtain data from
Gan and Lee Pharmaceuticals (biosimilar manufacturer). For an
overview of main results, see Summary of findings 3.

As Sanofi permanently discontinued the production of its human
insulins Insuman rapid 100 1U/mL, Insuman rapid SoloStar 100 IU/
mL, Insuman basal 100 IU/mL, Insuman basal SoloStar 100 IU/mL,
Insuman comb 25 100 IU/mL and Insuman comb 25 SoloStar 100
IU/mL worldwide, data provided by the manufacturer could not be
included in this review (Sanofi 2023a; Sanofi 2023b).

BIOTON provided data on short-acting human insulin 40 IU/mL
vials after 28 and 42 days at 30 °C: insulin activity, A21 desamido
insulin, impurities, total zinc, metacresol and pH all remained
within reference values. BIOTON also provided data on short-acting
human insulin 100 IU/mL vials after one, three and six months
at 25 °C: insulin activity, A21 desamido insulin, impurities, total
zinc, metacresol and pH all remained within reference values. Loss
of insulin activity, calculated as percentage change compared to
baseline after one, three and six months was 1.1%, 1.0% and 1.7%,
respectively.

Eli Lilly and Company provided summary data: at below 25 °C short-
acting, intermediate-acting and mixed insulin could be stored for
up to 25 days before start use and then 28 days for patient in-use.
At below 30 °C, short-acting, intermediate-acting and mixed insulin
could be stored for up to 12 days before start use and then 28 days
for patient in-use. All product quality attributes met established
acceptance criteria.

The results presented below are based on data from Novo
Nordisk, which provided the most detailed information. Insulin
concentrations were measured by HPLC.

We used the mean concentration from refrigerated samples at
time zero (baseline) as a reference value to assess changes

in the following parameters, if provided (depending on insulin
formulation different reference values were applicable).

« Insulin activity 100 IU/mL (activity, potency or concentration;
reference value: 95 IlU/mL to 105 IU/mL)

+ A21 desamido insulin
degradation product

« A21 desamido insulin + N-oxalyl desPheB1 (desPhe) insulin
(reference value: 1.54% or less), degradation product

« B3 desamido insulin (reference value: 6.54% or
degradation product

« High molecular weight proteins (HMWP) (reference value: 2% or
less, 3% or less)

+ Otherrelated proteins (ORP) (reference value: 3.0% or less, 4.5%
or less)

« Particulate matter (particles 10 um/container or less, reference
value: 6000 or less; particles 25 um/container or less, reference
value: 600 or less)

« Macroscopic appearance

» Metacresol (reference value: 1.35 mg/mL to 1.65 mg/mL, 2.7 mg/
mL to 3.3 mg/mL), preservative/stabiliser

« Phenol (reference value: 0.59 mg/mL to 0.72 mg/mL),
preservative/stabiliser

« pH (reference value: 6.9to 7.5, 7.0 to 7.8)

« Zinc (reference value: 10.0 pg/mL to 40.0 pug/mL, 40.0 ug/mL or
less), preservative/stabiliser

« Sterility, bacterial endotoxins

(reference value: 1.5% or less),

less),

Results for short-acting insulins
Storage at 25 °C
Insulin potency

Figure 5 and Figure 6 show insulin assays for vials and cartridges,
respectively, stored at 25 °C between 1 and 12 months.
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Figure 5. Short-acting human insulin assay for vials stored at 25 °C between baseline and up to 12 months (data
from Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL). Cl: confidence interval; IU: international units.

Short-acting insulin assay at 25 °C (vials)

102.0
101.0
100.0
95.0
98.0
597.0
96.0
95.0
94.0
53.0
592.0
51.0
50.0

IUfmL

Time zero 1 month 3 months 6 months 12 months
Mean 99.8 99.4 S98.0 96.3 92.4
----- Upper 595% Cl 100.2 99.9 98.3 96.6 92.7
- = = Lower 95% Cl 99.4 99.0 97.6 96.0 92.0

Figure 6. Short-acting human insulin assay for cartridges stored at 25 °C between baseline and up to 12 months
(data from Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL) Cl: confidence interval; IU: international
units.

Short-acting insulin assay at 25 °C (cartridges)

102.0
101.0
100.0
95.0
93.0
97.0
96.0
93.0
94.0
93.0
92.0
91.0
20.0

Iu/mL

Time zero 1 month 3 months 6 months 12 months
Mean 100.2 99.8 98.5 97.1 93.8
----- Upper 95% Cl 100.6 100.1 98.8 97.4 94.1
- = = Lower 95% Cl 100.0 99.4 98.3 96.8 893.5

Loss of insulin activity (percentage change compared to baseline) « After three months, mean loss for vials was 1.8% (SD 0.6) and for

« After one month, mean loss for vials was 0.4% (SD 0.3) and for cartridges 1.8% (SD 0.6).
cartridges 0.5% (SD 0.4). « After six months, mean loss for vials was 3.5% (SD 0.4) and for

cartridges 3.2% (SD 0.5).
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« After 12 months, mean loss for vials was 7.4% (SD 0.6) and for
cartridges 6.5% (SD 0.5).

A21 desamido insulin, A21 desamido insulin plus desPhe, B3 desamido
insulin

Mean values for A21 desamido insulin, A21 desamido insulin plus
desPhe and B3 desamido insulin in vials or cartridges were in range

for up to 12 months, except for B3 desamido insulin at month 12
(6.63%).

High molecular weight proteins, other related proteins

At time zero, mean value for HMWP was 0.1% for vials. After 1, 3,
6 and 12 months, HMWP increased to 0.3%, 0.6%, 1.1% and 2.2%,
respectively.

At time zero, mean value for HMWP was 0.2% for cartridges. After 1,
3,6 and 12 months, HMWP increased to 0.3%, 0.6%, 1.0% and 1.8%,
respectively.

ORP were in range up to six months. After 12 months, the mean ORP
increased to 7.2% (vials) and 6.2% (cartridges).

Particulate matter

Macroscopy container

specifications.

and particles per complied with

Bacterial endotoxins, sterility

Except for time zero, there were no data available.
Metacresol

Mean metacresol values remained within reference range.
Zinc

Mean zinc values remained within reference range.

pH

Mean pH values remained within reference range.

Storage at 37 °C
Insulin potency

Figure 7 and Figure 8 show insulin assays for vials and cartridges
stored at 37 °C between one and three months. After one month,
insulin content either remained within specifications for both vials
and cartridges or showed a small decline below the lower limit,
which was comparable to results after two months.

Figure 7. Short-acting human insulin assay for vials stored at 37 °C between baseline and up to 3 months (data from
Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL). Cl: confidence interval; IU: international units.

Short-acting insulin assay at 37 °C (vials)

102.0
101.0
100.0
99.0
98.0
97.0
96.0
95.0
94.0
93.0
92.0
91.0
90.0

IU/mL

Time zero
99.8
100.2
95.4

— [ean
----- Upper 95% CI
- = = Lower 95% Cl

1 month 2 months 3 months
97.6 94.1 91.2
98.1 94.4 91.6
971 93.9 90.8
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Figure 8. Short-acting human insulin assay for cartridges stored at 37 °C between baseline and up to 3 months (data
from Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL). Cl: confidence interval; IU: international units.

Short-acting insulin assay at 37 °C (cartridges)

102.0
101.0
100.0
95.0
98.0
97.0
96.0
95.0
94.0
93.0
92.0
91.0
90.0

IU/mL

Time zero
100.3
100.6
100.0

Mean
----- Upper 95% CI
- = = Lower95% Cl

Loss of insulin activity (percentage change compared to baseline)

« After one month, mean loss for vials was 2.2% (SD 0.6) and for
cartridges 2.8% (SD 0.3).

« After two months, mean loss for vials was 5.7% (SD 0.7) and for
cartridges 5.7% (SD 1.5).

« After three months, mean loss for vials was 8.6% (SD 0.6) and for
cartridges 8.3% (SD 0.8).

A21 desamido insulin, A21 desamido insulin plus desPhe, B3 desamido
insulin

Mean values for A21 desamido insulin, A21 desamido insulin plus
desPhe and B3 desamido insulin in vials and cartridges were in
range for up to three months.

High molecular weight proteins, other related proteins

At time zero, mean value for HMWP was 0.1% for vials. After one,
two and three months, mean HMWP values increased to 1.0%, 2.0%
and 3.0%, respectively.

At time zero, mean value for HMWP was 0.2% for cartridges. After
one, two and three months, mean HMWP values increased to 1.0%,
2.0% and 2.9%, respectively.

ORP were in range after one month. After two and three months,
mean ORP in vials increased to 5.1% and 7.8%, respectively. After
two and three months, mean ORP in cartridges increased to 5.5%
and 7.9%, respectively.

1 month 2 months 3 months
97.5 94.5 92.0
97.8 95.5 923
97.1 93.6 914
Particulate matter
Macroscopy and particles per container complied with

specifications.

Bacterial endotoxins, sterility

Except for baseline, there were no data available.
Metacresol

Mean metacresol values remained within reference range.
Zinc

Mean zinc values remained within reference range.

pH

Mean pH values remained within reference range.
Storage at 5 °C

For reasons of comparison, we only report insulin potency data at
optimal storage conditions (refrigerator).

Insulin potency

Figure 9 and Figure 10 show insulin assays for vials and cartridges
stored at 5 °C between 12 and 24 months. Up to 30 months,
insulin content remained within specifications for both vials and
cartridges.
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Figure 9. Short-acting human insulin assay for vials stored at 5 °C between baseline and up to 24 months (data from
Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL). Cl: confidence interval; IU: international units.

Short-acting insulin assay at 5 °C (vials)

102.0
101.0
100.0
95.0
93.0
97.0
96.0
95.0
94.0
93.0
92.0
91.0
S90.0

Iu/mL

Time zero 12 months 18 months 24 months
Mean 99.9 99.4 99.2 99.1
----- Upper 95% CI 100.1 99.6 99.4 99.4
- = = Lower 95% Cl 99.6 99.2 99.0 98.9

Figure 10. Short-acting human insulin assay for cartridges stored at 5 °C between baseline and up to 24 months
(data from Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL). Cl: confidence interval; IU: international
units.

Short-acting insulin assay at 5 °C (cartridges)

102.0
101.0
100.0
95.0
98.0
97.0
96.0
95.0
94.0
93.0
92.0
91.0
90.0

IU/mL

Time zero 12 months 18 months 24 months
Mean 100.2 99.5 99.2 99.0
----- Upper 95% Cl 100.4 99.7 954 99.2
- — — Lower 95% Cl 100.0 99.3 99.1 98.9
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If refrigerated (5 °C) there was a minimal loss of insulin, forexample,  Results for intermediate-acting insulins
after 24 months of storage, mean loss for vials was 0.7% (SD 0.4) and
for cartridges 1.2% (SD 0.6).

Storage at 25 °C
Insulin potency

Figure 11 and Figure 12 show insulin assays for vials and cartridges
stored at 25 °C between 1 and 12 months.

Figure 11. Intermediate-acting human insulin assay for vials stored at 25 °C between baseline and up to 12 months
(data from Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL). Cl: confidence interval; IU: international
units.

Intermediate-acting insulin assay at 25 °C (vials)

102.0
101.0
100.0
g9.0
G8.0
g7.0
86.0
85.0
40
83.0
820
21.0
20.0

U/ mL

Time zero 1 month 3 months & months 12 months
Mean 998 5.1 898.5 o978 95.4
----- Upper 95% Cl 1001 99.3 89.0 9B.0 g97.0
- = = | oyer 95% Cl 99 4 CH.B 858.0 975 957
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Figure 12. Intermediate-acting human insulin assay for cartridges stored at 25 °C between baseline and up to 12
months (one batch data from Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL). IU: international units.

Intermediate-acting insulin assay at 25 °C (cartridges)
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Loss of insulin activity (percentage change compared to baseline)

« After one month, mean loss for vials was 0.7% (SD 0.4) and for
cartridges 0.5%.

« After three months, mean loss for vials was 1.2% (SD 0.5) and for
cartridges 1.9%.

« After six months, mean loss for vials was 2.0% (SD 0.4) and for
cartridges 2.3%.

« After 12 months, mean loss for vials was 3.4% (SD 0.7) and for
cartridges 3.9%.

High molecular weight proteins, other related proteins

At time zero, mean value for HMWP was 0.2% for vials. After 1, 3,
6 and 12 months, HMWP increased to 0.3%, 0.6%, 1.0% and 1.8%,
respectively.
At time zero, mean value for HMWP was 0.2% for cartridges. After 1,
3,6and 12 months, HMWP increased to 0.4%, 0.7%, 1.0% and 1.5%,
respectively.

ORP were in range for all measurements, except after 12 months of
storage for cartridges where ORP increased to 3.1%.

Particulate matter

There were no data available.

3 months & months 12 months
o7.5 a7.1 455

Bacterial endotoxins, sterility

There were no data available.

Metacresol

Mean metacresol values remained within reference range.

Phenol

Mean phenol values remained within reference range.
Zinc

Mean zinc values remained within reference range.
pH

Mean pH values remained within reference range.

Storage at 37 °C

Insulin potency

Figure 13 and Figure 14 show insulin assays for vials and cartridges

stored at 37 °C between one and three months.
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Figure 13. Intermediate-acting human insulin assay for vials stored at 37 °C between baseline and up to 3 months
(data from Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL). Cl: confidence interval; IU: international
units.

Intermediate-acting insulin assay at 37 °C (vials)

102.0
101.0
1000
99.0
98.0
97.0
26.0
95.0
24.0
93.0
92.0
91.0
20.0

I/

Time zero 1 month 2 months 3 months
Mean 99 8 858.0 860 245
----- Upper 95% CI 1001 85.4 86.3 854
- = = Lower 95% Cl 854 875 857 835

Figure 14. Intermediate-acting human insulin assay for cartridges stored at 37 °C between baseline and up to 3
months (one batch data from Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL). IU: international units.

Intermediate-acting insulin assay at 37 °C (cartridges)
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Loss of insulin activity (percentage change compared to baseline)
« After one month, mean loss for vials was 1.8% (SD 0.3) and for
cartridges 1.4%.

« After two months, mean loss for vials was 3.8% (SD 0.4) and for
cartridges 3.0%.

« After three months, mean loss for vials was 5.3% (SD 1.0) and for
cartridges 4.7%.

High molecular weight proteins, other related proteins

At time zero, mean value for HMWP was 0.2% for vials. After one,
two and three months, mean HMWP values increased 0.9%, 1.9%
and 2.5%, respectively.

At time zero, mean value for HMWP was 0.2% for cartridges. After
one, two and three months, mean HMWP values increased to 0.8%,
1.5% and 2.1%, respectively.

ORP were in range after one and two months. After three months,
ORP increased to 4.0% (vials) and 3.3% (cartridges).

Particulate matter
There were no data available.
Bacterial endotoxins, sterility

There were no data available.

Metacresol

Mean metacresol values remained within reference range.
Phenol

Mean phenol values remained within reference range.
Zinc

Mean zinc values remained within reference range.

pH

Mean pH values remained within reference range.
Storage at 5 °C

For reasons of comparison, we only reported insulin potency data
at optimal storage conditions (refrigerator).

Insulin potency

Figure 15 and Figure 16 show insulin assays for vials and cartridges
stored at 5 °C between 12 and 24 months. Up to 24 months,
insulin content remained within specifications for both vials and
cartridges.

Figure 15. Intermediate-acting human insulin assay for vials stored at 5 °C between baseline and up to 24 months
(data from Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL). Cl: confidence interval; IU: international

units.
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Figure 16. Intermediate-acting human insulin assay for cartridges stored at 5 °C between baseline and up to
24 months (data from Novo Nordisk, insulin reference value 95 IU/mL to 105 IU/mL). Cl: confidence interval; IU:

international units.

Intermediate-acting insulin assay at 5 °C (cartridges)
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If refrigerated (5 °C), there was a minimal loss of insulin, for
example, after 24 months of storage, mean loss for vials was 0.6%
(SD 0.6) and for cartridges 0.1% (0.6).

DISCUSSION

Summary of main results

We utilised two information sources, that is, study publications and
previously unpublished data from pharmaceutical manufacturers.

One pilot clinical study reporting on plasma glucose after
intravenous insulin injection showed no difference between clay
pot-stored insulin and insulin stored in a refrigerator. Apart from
two studies reporting a more pronounced loss in insulin activity,
the majority of studies on vials and cartridges/pens using different
temperature and storage conditions showed no clinically relevant
decreases in insulin concentrations. Also, oscillating temperatures
between 25 °C and 37 °C for up to three months resulted in no
loss of insulin activity. Multiple punctures of vials and cartridges
imitating in-use periods by people with diabetes did not result in
clinically relevant decreases in insulin activity. Investigations on
prefilled syringes showed no decrease in insulin potency or signs
of microbial growth. Thermostability studies from pharmaceutical
companies manufacturing human insulin investigating storage
conditions at up to 25 °C for a maximum of six months and at up
to 37 °C for a maximum of two months did not show a clinically
relevant change in insulin activity.
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Overall completeness and applicability of evidence

We identified one pilot clinical study (Al Shaibi 1999). Only a few
studies evaluated mixed human insulin (Kaufmann 2021; Pendsey
2023; Shnek 1998; Tarr 1991; Vimalavathini 2009). We found no data
on continuous subcutaneous insulin infusion (CSIl) pumps, which
would be important due to the impact of elevated temperature
exposure and mechanical stress on the integrity of human insulin,
as CSll pumps are worn close to the body.

Unfortunately, data on human insulin storage conditions for people
living in cold climates are scarce (Khurana 2019). People living in
cold climates have to find innovative ways to protect insulin: during
the winter in the Himalayan areas, some people wear warm clothes
made up of sheep and yolk wool to protect them from severe cold.
One such cloth is an abdominal binder which may be used to wrap
insulin vials and pens in multiple layers in the abdominal binder
where temperatures range between 5 °C and 10 °C (Khurana 2019).

There are concerns that the measured and actual biological
potency of insulin might differ due to misfolding of the insulin
molecules and subsequent fibrillation if subjected to higher
temperatures (Baechler 2020; Delbeck 2020a; Delbeck 2020b).
Delbeck 2021a reported findings in ultrafiltrated insulin samples
(i.e. non-stabilised pure insulin without excipients) of protein
structural misfolding, possibly reducing insulin potency. However,
added stabilisers protected intermediate-acting human insulin
effectively from accelerated misfolding. There are also in-vitro
study reports showing that metacresol had an inhibitory effect
on amyloid fibrillation, which is thought to be immunogenic,
potentially reducing insulin efficacy and causing allergic reactions
(Ohno 2019). Another report indicated excellent correlation
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between potency determination by HPLC, tridimensional insulin
structure verification and residual bioactivity in living cell lines
(Kaufmann 2021). Finally, one study investigating the formation
of subvisible particles in short-acting human insulin showed
that amorphous aggregates developed within weeks of handling,
regardless of storage temperature at 4 °C or 37 °C (Silva-Jr 2022).

Even without access to reliable refrigeration, there are simple ways
to prevent insulin from overheating. Several studies demonstrated
the efficacy of various cooling devices, such as clay pots filled with
water or wet sand and the placement of insulin inside (Al Shaibi
1999; Gill 2002; Gilligan 2021; Khurana 2019; Ogle 2016; Pendsey
2006; Taerahkun 2022).

More studies are needed on opened or in-use vials and cartridges to
investigate potential microbialingress risk after multiple punctures
of the container.

Certainty of the evidence

Extensive data from manufacturers of human insulin appeared
reliable. Due to the objective measurements of insulin activity and
other factors in the manufacturing process, we have confidence
in the results provided. These investigations also appeared to
be part of the approval process for the respective insulins,
with drug regulatory authorities' overview of quality assurance.
However, manufacturers' data on various storage conditions took
place under optimal laboratory conditions (i.e. incubators assured
continuous temperature conditions).

Agreements and disagreements with other reviews

We found no other reviews on this topic, apart from one
narrative review addressing general aspects of insulin storage
during the supply chain, highlighting the need for practical storage
recommendations especially in homes of people with diabetes
(Heinemann 2021).

Contrary to other studies and data from manufacturers of human
insulin, two studies described a pronounced loss in insulin
activity at continuous temperatures of 37 °C after one or two
weeks (Kaufmann 2021) and after 28 days (Vimalavathini 2009).
However, insulin in vials stored in a mud pot that reduced outside
temperatures to 26 °C retained insulin potency (Vimalavathini
20009).

Strengths and weaknesses of the review

Strengths of our review include our extensive search of the
literature for relevant studies, with no language or date restrictions,
and our detailed scrutiny of all references listed in all included
studies and (systematic) reviews. We also established an email
alert service for MEDLINE via OvidSP that was run on a weekly
basis to identify newly published studies. In addition, we contacted
pharmaceutical manufacturers of human insulin and received
previously unpublished thermostability data.

A potential weakness of our review is its body of evidence (i.e.
mainly laboratory studies). For laboratory studies investigating loss
of insulin potency at varying temperatures over time, there are no
published validated methods to investigate risk of bias. However,
shared data from pharmaceutical manufacturers of human insulin
probably have a low risk of bias due to the objective measurements
which were used in the thermostability investigations. Moreover,

these analyses apparently formed part of the drug approval
process under scrutiny from drug regulatory authorities in order to
establish safety margins of insulin storage.

Due to distinct variation in methods, laboratory measurements
and storage conditions reported in the included studies, it was
not possible to establish a straightforward evidence synthesis of
publication results. Instead, we tried to provide a transparent
overview of data and key results from study publications.

AUTHORS' CONCLUSIONS

Implications for practice

An increasing portion of the global diabetes community resides
in settings with poor or no access to healthcare facilities and
refrigeration. In these circumstances, pharmaceutical companies'
data indicate that it is possible to store unopened short-acting and
intermediate-acting human insulin vials or cartridges at up to 25
°C for a maximum of six months and at up to 37 °C for a maximum
of two months without a clinically relevant loss of insulin potency.
Also, oscillating temperatures between 25 °C and 37 °C, resembling
daytime and night-time fluctuations in tropical countries, for up to
three months do not result in a clinically relevant loss of insulin
activity of short-acting, intermediate-acting and mixed human
insulin. With the help of simple cooling devices for insulin storage
such as clay pots, it is possible to effectively reduce high outside
temperatures in many high-temperature regions of the world.

Implications for research

Since there are few clinical studies on the thermostability of
human insulin to date, clamp studies and other clinical studies
allowing the investigation of insulin pharmacodynamics should
be performed to measure insulin potency and safety after varying
storage conditions in human volunteers and people with diabetes.
More studies are needed on mixed insulin, as well as on opened
vials and cartridges to investigate potential microbial ingress risk
after multiple punctures of the container. Finally, studies on cold
environmental conditions and insulin pumps are required.

On 22 April 2022, Novo Nordisk announced that the European
Medicines Agency (EMA) has issued the company a positive
scientific opinion for a proposed update of the storage conditions
of two human insulins: "EMA's positive scientific opinion will now
be used to support approval of the more flexible storage conditions
by national health authorities in a number of relevant low- and
middle-income countries. This is to allow Actrapid (short-acting
insulin), and Insulatard (intermediate-acting insulin) can be stored
for four weeks outside a refrigerator (if kept below 30 °C) prior
to use if there are six months or more to the expiry date. Once
in use, the insulin should be stored without refrigeration." Other
manufacturers of human insulin should also contact drug approval
authorities and make thermostability data available to establish
better real-life updates on storage recommendations of human
insulin.
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Study design
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Allocation by block design (4 females, 4 males) allowing for "partial double-blinding".

For block 1, prestorage insulin was used as the reference; for block 2, the reference insulin was stored
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Al Shaibi 1999 (continued)

time. The order of use was randomised using a coin toss (participants and investigators were blinded to
the allocation).

Storage: neutral human insulin stored in a refrigerator at 4 °C or in a zeer (unglazed clay pot with an
internal diameter of 30 cm and a height of 30 cm enabling water to slowly seep through the wall and
evaporate, lowering the temperature of the remaining water). A glass jar was partially filled with desert
sand and put in the centre of the zeer. A water bath was created by adding water outside the jar to the
same level as that of the sand in the glass jar. Water was added to the mark (topped up) daily from a
larger water storage zeer. The zeer was closed with a clay lid and kept in the shade. An exact replica,
but without water (a dry zeer) was also used to store insulin and record temperatures. Additional bot-
tles of insulin were kept outside in the shade, in the bathroom of an air-conditioned house and in a re-
frigerator. Insulin 10 U was removed twice daily from each insulin vial to simulate usage conditions.
Temperature readings were taken on 12 separate occasions (18 June 1998 to 20 July 1998 at 7:00 hours
or 12:00 hours) during the 6-week storage period.

Measurements Insulin sensitivity: baseline blood sample in fasting participants and IV injection of insulin 0.1 U/kg
bodyweight. Blood samples every 5 min for 30 min after the injection.

Determination of plasma glucose levels (CV ranging from 2.8% at 1.9 mmol/L and 2.4% at 5.1 mmol/L).
Determination of the fall in plasma glucose levels by a computerised best fit method. Calculation of the
differences in the slopes for each individual as well as the group's mean and SEM.

Also, 2 participants with diabetes using regular and NPH/isophane insulins, mixed just prior to use,
stored the insulin they were using during a 2-month period in an insulin zeer while living in tent in the
desert during July and August.

Results Mean temperature (range):
Insulin zeer: 26.6 °C (25-27 °C)
Outside mean temperature: 38.3 °C (34-43 °C)
Zeer without water: 34.6 °C (30-39 °C)
Insulin vials stored in the shade: 35.3 °C (31-39 °C)
Water zeer: 26.7 °C (25-28 °C)
Bathroom: 26.4 °C (25-27 °C)
Refrigerator: 4 °C
No change in colour or appearance of the insulins was noted.

The mean fall in plasma glucose levels following reference insulin was 0.213 mmol/L/min, whereas it
was 0.192 mmol/L/min following the zeer-stored insulin, representing 9.9% less fall in glucose in the
zeer-stored insulin (difference not statistically significant).

2 participants with diabetes: no changes in the appearance of insulin or adverse events; no changes in
diabetic control.

Funding sources/conflict Not mentioned. Probably investigator-initiated study.

of interest

Notes Small pilot clinical study

Item Authors' judgement Support for judgement

Random sequence genera- No Quote: "They were allocated to the trial using a block design, which allowed
tion (selection bias) partial double-blinding. Block 1 consisted of the four males and block 2 of the

four females. For block 1, pre-storage insulin was used as the standard (refer-
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Al Shaibi 1999 (continued)

ence) at the start of the experiment, thereby precluding blinding of both sub-
jects and experimentors. For block 2, the reference insulin was that stored in a
refrigerator at 4°C. For block 2, both the reference and zeer insulins were avail-
able at the same time, and their order of use was randomized using a coin toss.
Both subjects and experimentors were blinded to the allocation in block 2."

Comment: randomisation on female participants only.

Allocation concealment
(selection bias)

No Quote: "They were allocated to the trial using a block design, which allowed
partial double-blinding. Block 1 consisted of the four males and block 2 of the
four females. For block 1, pre-storage insulin was used as the standard (refer-
ence) at the start of the experiment, thereby precluding blinding of both sub-
jects and experimentors. For block 2, the reference insulin was that stored in a
refrigerator at 4°C. For block 2, both the reference and zeer insulins were avail-
able at the same time, and their order of use was randomized using a coin toss.
Both subjects and experimentors were blinded to the allocation in block 2."

Comment: unclear allocation on female participants only.

Blinding of participants
and personnel (perfor-
mance bias)

Plasma glucose

Yes Quote: "Blood samples every 5 min for 30 min after the injection."

Comment: objective measurement unlikely to have been influenced by (par-
tial) blinding.

Blinding of outcome as-
sessment (detection bias)
Plasma glucose

Yes Quote: "Blood samples every 5 min for 30 min after the injection."

Comment: objective measurement unlikely to have been influenced by (par-

tial) blinding.
Incomplete outcome data ~ Yes Comment: plasma glucose values available for all 8 healthy physicians.
(attrition bias)
Plasma glucose
Selective reporting (re- Yes Comment: none detected.

porting bias)
Plasma glucose

Baechler 2020

Study characteristics

Study design

U-100 vials comprising insulin aspart (Novorapid), faster-acting insulin aspart (Fiasp), short-acting hu-
man insulin (Actrapid) (all Novo Nordisk), insulin glargine (Lantus) and insulin lispro (Humalog, Eli Lilly,
Indianapolis, US) were stored according to the specifications of the manufacturer until measurement.

To assess potential changes in insulin content and stability over time, formulations were sampled from
vials and cartridges on days 1, 2, 3,4, 5, 8,9, 10, 11, 12, 15, 16, 17, 54 and 85 after receipt from the hospi-
tal pharmacy upon storage at 4 °C, 22 °C and 37 °C in temperature-controlled environments with elec-
tronic temperature monitoring (either refrigerator or incubators) to simulate real-life conditions.

Measurements

Mass spectrometric measurements were performed. Vial contents were directly analysed by mass spec-
trometry. Change in insulin content (quantification of monomeric insulin) was determined using linear
regression. A significant decline in concentration was considered a slope of the regression line signifi-
cantly different from zero, evidenced by P <0.05.

Results

No systematic difference between unopened vials (obtained from the pharmacy) and already used vials
(obtained from hospital wards and people with diabetes) was observed. The time-course experiment
during which the insulin content of the different formulations stored at different temperatures (4 °C, 22
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Baechler 2020 (continued)

°C or 37 °C) was investigated yielded results according to specification. Screening for degradation prod-
ucts throughout the study turned out negative.

According to FDA requirements, each manufacturer has to guarantee a concentration of 95-105 1U/mL
of intact insulin in U-100 formulations.

Human insulin (Actrapid) in original glass vials: mean was average concentration over all measure-
ments (15 time points over 86 days).

4°C:98.6 1U/mL (CV 5.5%)
22°C:99.4 1U/mL (CV 5%)

37°C:98.7 IU/mL (CV 4.6%)

Funding sources/conflict
of interest

University Institute of Clinical Chemistry/Center of Laboratory Medicine, Clinical Metabolomics Facility,
Inselspital, Bern, Switzerland, University Hospital: support in logistics and instrumentation.

UDEM Scientific Fund and Foundation "Fonds pour la Recherche Thérapeutique", Puilly, Switzerland.

Notes

Delbeck 2021a

Study characteristics

Study design

Examples of formulated insulin specimens, and the United States Pharmacopeia (USP) human insulin
standard were studied for comparison of protein structural changes. Insulin cartridges included insulin
detemir (Levemir), insulin aspart (NovoRapid), NPH insulin human (Protaphane) (all produced by Novo
Nordisk), insulin lispro (Humalog), NPH insulin lispro (Humalog Mix50), insulin glargine (Abasaglar) (all
produced by Eli Lilly), and insulin lispro (Insulin lispro Sanofi, Sanofi-Aventis Groupe). All insulins were
available as formulations in 3 mL cartridges with a biological activity of 100 IU.

In addition to the commercial insulin samples, ultrafiltrates of the original formulations were prepared.
The insulin formulations, aqueous solutions of insulins (purified by ultrafiltration) and the human in-
sulin USP standard were kept in 500-pL sterile sealed plastic tubes when stored in climatic exposure
test cabinets at 0 °C, 20 °C and 37 °C, respectively, for different durations (up to 10 weeks).

Measurements

Infrared attenuated total reflection spectroscopy was performed. For analysing the insulin secondary
structure alteration, the analytical evaluation tools were either based on the monitoring of specific
band shifts or a band deconvolution and band area integration providing quantitative figures about
degradation.

Significant changes within the insulin samples at various storage temperatures due to misfolding and
subsequent fibrillation allowed the assumption of a decrease in bioactivity. The data evaluation was
carried out using the QUANT2 analysis module of the OPUS software for PCA calculations of spectral
data sets, comprised of multiple-repeat spectra of different insulin pharmaceuticals.

Another PCA analysis was performed using 4 different formulated insulin samples (insulin lispro, insulin
aspart, human NPH insulin, insulin detemir) as stored for 10 weeks at 37 °C.

Results

Especially under storage conditions at high temperature (37 °C), an increased amount of 3-sheet frac-
tions could be detected by band deconvolution, underlining the protein structural misfolding. Com-
pared to the ultrafiltrated insulin samples, only small shifts were detected for the insulin formulations,
suggesting that the added stabilisers were protecting the insulin effectively from accelerated misfold-

ing.

Funding sources/conflict
of interest

Quotes: "The author(s) received no financial support for the research, authorship, and/or publication of
this article."
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"The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/
or publication of this article."

Notes

Dunbar 1986

Study characteristics

Study design Insulin syringes of 3 manufacturers were filled with insulin (regular Iletin |, Humuline R, Lente Iletin I, Eli
Lilly) and stored at 4 °C for 2 weeks. After 1, 3, 7 and 14 days, the syringes were removed, and aliquots
were taken for radioimmunoassay and radioreceptor determinations. Samples of refrigerated stock in-
sulin served as controls. 6 syringes per syringe type and insulin type were evaluated for each time peri-
od.

Measurements Insulin radioimmunoassay: highly purified crystalline porcine insulin (gift of Eli Lilly and Company) was
used as the insulin standard.

Radioreceptor assay: the biological potential of insulin during storage was evaluated by binding to he-
patic insulin receptors. Hepatocytes were isolated from Wistar Furth rats and standard insulin-binding
isotherms were established. Samples of stock and syringe-stored insulin were evaluated based on their
capacity to bind and displace standard insulin preparations.

Results The insulin content of samples stored in plastic syringes for up to 2 weeks was not significantly differ-
ent from that of the stock controls. The 3 types of insulin tested were comparable in their degradation.
Insulin Lente gave more assay variability on storage, possibly due to settling of suspension in the sy-
ringe.

Receptor-binding isotherms were the same for the different types of insulin as well as for the type of
syringe storage. Insulin Lente was shown to be less effective in displacing labelled insulin when com-
pared with regular or Humulin insulin.

Funding sources/conflict Funding not mentioned.

of interest
Quote: "Highly purified crystalline porcine insulin (Lot No. 615-2H2-300, gift of Eli Lilly) was used as the

insulin standard."

Notes

Gregory 1991

Study characteristics

Study design Single vials of short-acting human (human Actrapid) and beef insulin (Quicksol, The Boots Company
PLC) were stored under each of the following environmental conditions in the laboratory: 1. 4 °Cin the
dark, 2. room temperature 19-24 °C in the dark, 3. room temperature 18-25 °C in daylight, 4. in direct
sunlight on a window sill (8-35 °C), 5. at 37 °C in the dark, and 6. carried in the breast pocket of a shirt.
Single vials of each insulin were also stored under conditions 1, 2, 3, and 6 and subjected to twice-dai-
ly sampling, i.e. the removal of a small amount of insulin to simulate injections. 4 measurements were
taken from each vial, i.e. the amount of insulin and the 3 ITP groups. These were obtained from HPLC
traces taken immediately after dispensing and at 2, 4, 6, 8, 10, 14, 18 and 26 weeks. Thereby, the degra-
dation of both human and beef insulin was studied and the concurrent changes in ITP over 6 months to
assess the effects of different environmental conditions and sampling on the process of insulin trans-
formation.
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Gregory 1991 (Continued)

Measurements

The area under the trace was measured by HPLC with an integration programme. Only the area from
the start of the insulin peak was included to eliminate the solvent front and preservative (phenol and
metacresol) peaks. Results were expressed as a percentage of the total area. Baseline measurements
were approximately equal within each data set. The relationship between each variable and time was
approximately linear. The computer package GLIM was used to fit a series of linear models to each data
set.

Results

The initial insulin content in human vials was 98.2 + 0.08% of total protein.

None of the environmental conditions caused a significant loss of total protein during the 6 months

of study. The best-fitting model included both environment and sampling as significant factors. Hu-
man insulin kept at 4 °C and in the dark without sampling was associated with the slowest degrada-
tion (-0.069% total protein/week). The vials kept in direct sunlight and at 37 °C in the dark degraded
most quickly (-0.749% total protein/week and -1.184% total protein/week, respectively). The slope es-
timates from the 4 vials kept at room temperature were similar. Exposure to daylight did not accelerate
insulin degradation in vials stored at room temperature. Repeated sampling only affected the degrada-
tion rate in the vials kept at 4 °C in the dark.

Funding sources/conflict
of interest

Grant from the British Diabetic Association.

Study author RG was a Clinical Research Fellow sponsored by Novo Laboratories, Basingstoke, UK.

Notes

Kaufmann 2021

Study characteristics

Study design

Human insulin formulations (rapid, NPH/isophane and premixed rapid/NPH insulins) and 4 analogue
insulin formulations commercially available in Switzerland and France were bought in a local pharma-
cy and tested, with proper storage conditions ensured. The cold chain was respected and monitored
throughout the supply process until reception in the refugee camp pharmacy and throughout its stor-
age there. All vials at T = 0 were assumed to be amyloid seed-free.

Temperature fluctuations were measured in Dagahaley refugee camp (northern Kenya) using log tag
recorders. Ambient temperature oscillated between 25 °C and 37 °C with a 12-hour cycle, exceeding
usual recommendations for insulin use out of refrigeration.

In order to assess insulin stability, temperature oscillations that were observed in the field were repli-
cated in the laboratory, and insulin formulations were exposed to these fluctuating temperatures in the
laboratory. A series of mixed insulin vials were stored at ambient temperature in Kenya during a period
of 4 weeks of use by people with diabetes and brought back to Geneva for analysis. Insulin stored at 2-8
°C was used as positive control and heat-degraded insulin as negative control. Furthermore, the effect
of continuous exposure to high temperatures of 31 °C and 37 °C was also investigated, as controls com-
parative with data available in the literature (potency determination).

Measurements

Reference samples: a complete series of vials or cartridges of the insulin formulations were stored at
4°C, and used as references for all 3 analytical methods (HPLC calibration curves preparation at each
time point of the stability study, circular dichroism measurements, biological activity assessment).

Samples: 3 independent series of vials or cartridges were placed in an incubator. Temperature cy-

cles were programmed as follows: start at 25 °C, increase to 37 °C in 12 hours, then back to 25 °Cin 12
hours, in continuous loop mode. These conditions were intended to mimic the field oscillating temper-
ature cycling both in terms of frequency and amplitude. Temperature variation over time in the incu-
bator was monitored. 3 aliquots were withdrawn at the defined time points throughout the study and
analysed in triplicate.
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A second series of samples including vials or cartridges of each tested formulation was submitted to
temperature cycles, and insulin was taken out daily to simulate a typical daily treatment with dosages
of 10 IU in the morning and 12 IU in the evening. A total of 220 pL per day of insulin was withdrawn from
the vials or cartridges with 1 IU per 10 pL. This was intended to assess whether the variation of air vol-
ume present in the vials had any influence on the overall stability, since the interface between air and
insulin solution has been reported to trigger aggregation. For this series, 6 injections at each time point
were performed.

A third series of samples was exposed to standard isothermal conditions to allow comparison with pre-
viously released studies. Since the median value of temperature during the cycling process remains
above the temperature of 31 °C indicated by the manufacturers, a series of vials and cartridges was
exposed continuously to this temperature, and insulin quantification was performed after 1,4 and 8
weeks of this treatment. Finally, rapid and NPH/isophane insulins were exposed to a continuous tem-
perature of 37 °C. For each condition, 6 injections were performed.

Insulin quantification and potency determination was performed by RP-HPLC coupled with ultraviolet
detection. All the measured values for time = 0 were considered 100% and were used as references for
the whole stability study.

Circular dichroism: near- and far-ultraviolet spectra were obtained on a Jasco J-815 circular dichroism
spectrophotometer. To produce negative control for the bioactivity and circular dichroism assays, and
based on the 80 °C results, forced degradation of the samples was achieved by heating them at 115 °C
for 30 min. These samples were also analysed in terms of insulin quantity.

Bioactivity testing: the bioactivity of the stored insulin samples was assessed using 2 hepatocytes cellu-
lar models, in which insulin efficiency on insulin receptor (IR) and akt kinase activation (Akt) phospho-
rylation was detected and quantified.

Visual inspection: visual inspection was performed according to European Pharmacopoeia prescrip-
tions. For solutions, a visual detection of any colour change or variation in clarity was performed in
front of a white and of a black surface. For suspensions, the visual inspection included monitoring of
appearance of large aggregates (clumps) or material adhering to the cartridge/vial walls (frosting).

Results Insulin instability: the analysis of the samples in which instability was forced by high temperature (80
°C) showed a decrease in insulin content of 9-14% compared to corresponding reference formulations
stored at 2-8 °C. The quantity of insulin detected in the samples heated at 115 °C for 30 min for bioac-
tivity and circular dichroism measurements, was 85.5%. The sample also appeared yellowish and con-
tained visible structured aggregates.

Insulin quantification by HPLC stored under oscillating conditions:

o Time =0:values measured were between 98.0% and 99.9%.

« Time=4weeks: none of the examined formulations presented any visual change in terms of yellowish
colour or larger aggregate formation. The measured values of insulin quantification in the studied
formulations ranged between 98.3% and 99.9%.

« Time =up to 12 weeks: the determined values for the studied formulations were between 96.4% and
101.9% of T =0 measured concentrations.

Isothermal studies at 31 °C and 37 °C: more classical isothermal storage experiments were performed
with the same insulin formulations and compared with data from the literature as well as from the
studied oscillating temperatures. Since the median value of temperature during the cycling process (31
°C) remained above the temperature specified by manufacturers, a series of vials was exposed continu-
ously to this temperature, and insulin quantification was performed at 1, 4 and 8 weeks.

Allinsulin formulations started to degrade after 4 weeks (degradation proportion between 5% and
13.5%, compared to values obtained for the corresponding formulations at time = 0). There was further
degradation after 8 weeks (12-19%), with all formulations out of the range accepted by the pharma-
copeia (100 £ 10%).

NPH/isophane human insulin and short-acting human insulin were exposed to a continuous tempera-
ture of 37 °C. Both were determined to be out of range after 1 week for the suspension (15.4% decrease)
and 2 weeks for the solution (12.5% decrease).

Thermal stability and storage of human insulin (Review) 49
Copyright © 2023 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.



= 3 Cochrane
st g Library

Trusted evidence.
Informed decisions.
Better health. Cochrane Database of Systematic Reviews
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Antimicrobial protection: in order to confirm antimicrobial protection, quantification of the preserva-
tives present in the formulations was performed by HPLC at time = 0 and after the temperature cycling
period to determine whether degradation and/or decrease in concentration and therefore in efficacy
occurred. After 12 weeks of continuous temperature cycling, concentrations of the preservatives phe-
nol and metacresol were 92.4-94% and 92.7-97.7% of claimed values, respectively. No microbial conta-
mination was detected while taking transmission electron microscope images of the same samples.

3-dimensional conformation of insulin under oscillating storage conditions: tridimensional conforma-
tion of insulin monomers was identical in all the investigated samples, except in denatured mixed in-
sulin.

Insulin bioactivity under oscillating storage temperatures: residual bioactivity of mixed insulin was
verified on 2 hepatic cell lines for insulin samples that were exposed to fluctuating temperatures (25-
37 °C) for 12 weeks and for a reference formulation stored at 2-8 °C (mean + SEM of 4 different experi-
ments). Insulin-induced phosphorylation of the insulin receptor (IR) and Akt (key intracellular signalling
pathways activated by insulin to control glucose homeostasis) was assessed in 2 classical cell models
of hepatocytes, i.e. HepG2 and Huh-7 cells. After overnight serum starvation, cells were stimulated for
15 min at 37 °C with 1078 M of each different insulin.

Mixed insulin exposed to 4 weeks out of refrigeration in an individual's home in Kenya and mixed in-
sulin undergoing variations between 25 °C and 37 °C for 12 weeks maintained a bioactivity similar to in-
sulin kept at 4 °C. Insulin samples heated at 115 °C for 30 min (mixed insulin degraded) showed a strong
decrease in their bioactivity.

The presence of air in the vials and multiple septa punctures had no impact on stability, and no signif-
icant difference in stability was found between insulin conditioned in pen cartridges and 10 mL glass
vials.

Funding sources/conflict
of interest

Funded by Médecins Sans Frontieres (MSF) Switzerland.

Notes HepG2/Huh-7 cells: immortalised cell line consisting of human liver carcinoma cells.
Koffler 1992

Study characteristics

Study design Each day 4 syringes were filled with insulin 10 U, 2 syringes with short-acting insulin (Velosulin human,
Nordiska) and 2 syringes with intermediate-acting insulin (Insulatard human, Nordisk) by a registered
nurse from a Diabetes Unit. The prefilled insulin syringes were kept in a refrigerator (4 °C) for up to 10
days.

Measurements After 10 days, the insulin samples from each syringe were cultured concurrently in a brain-heart infu-
sion broth and in a thioglycollate brain infusion broth. The samples were incubated at 37 °C under aero-
bic and anaerobic conditions for up to 7 days, with a daily check for growth.

Results No signs of bacterial growth were evident in any of the specimens.

Funding sources/conflict
of interest

Not mentioned. Probably investigator-initiated study.

Notes

aShort-acting insulin was withdrawn for commercial reasons by the manufacturer.
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Kongmalai 2021

Study characteristics

Study design 4 different commercial basal insulins were evaluated, including "long-acting insulin, NPH-1, NPH-2 and
NPH-3."

To investigate the effect of different temperatures on the stability of insulin, opened insulin pens were
stored at room temperature, in a refrigerator (2-8 °C) or in an incubator (37 °C) for 28 days. For each
type of insulin, 2 batches of insulin were used to minimise the variation of the manufacturer's produc-
tion. An unopened insulin pen from each batch was stored in a refrigerator as a control. Room tempera-
ture and humidity were recorded every hour throughout the study period.

2 batches of commercial insulin pens were divided into experimental groups and controlled groups. In
the experimental groups, all insulin pens were opened and flipped back and forth 20 times. 2 units of
insulin were discarded every day to simulate the daily usage of insulin-treated people with diabetes.
Unopened insulin pens in the control group were stored in a refrigerator. All in-use insulin pens were
kept away from direct exposure to sunlight or artificial light.

Measurements Insulin was analysed using the ultra HPLC technique. The temperatures were reported as a mean + SD
during daytime (6 a.m. to 7 p.m.), night-time (7 p.m. to 6 a.m.) and all day. The quantity of insulin was
reported as mean + SD (AUC). The difference between insulin potency in each storage condition was
analysed using an independent t-test.

Results During the study period from 3 July to 31 July 2017, the mean room temperature was 29.7 °C (SD 2.8)
(range 25.5-37.1 °C). The mean daytime temperature (6 a.m. to 7 p.m.) was 31.1 °C (SD 2.9) (range 27.1-
37.1°C) and the mean night-time temperature (7 p.m. to 6 a.m.) was 28.0 °C (SD 1.3) (range 26-31 °C).
The mean humidity in the air-conditioned room was 74.6% (SD 9) (range 50.0-89.5%). The mean hu-
midity was 50% in the refrigerator and 38% in the incubator. The percent change from baseline AUC
ranged from -2.8% to +1.5% in the intermediate-acting insulins: NPH1 -2.6% (room temperature),
-2.8% (refrigerator), =1.0% (incubator); NPH2 +1.4% (room temperature), +1.5% (refrigerator), +0.7%
(incubator); NPH3 -1.3% (room temperature), -2.2% (refrigerator), =1.5% (incubator).

Funding sources/conflict Supported by Faculty of Medicine Siriraj Hospital, Mahidol University, Grant Number R016032029.
of interest
Quote: "The authors had no commercial associations that might create a conflict of interest in connec-

tion with this article."

Notes We contacted the study authors to clarify the exact nature of the analysed NPH insulins. NPH-1 was Hu-
mulin N, NPH-2 was Insulatard and NPH-3 was Gensulin N.

Lull 2013

Study characteristics

Study design The stability U-500 insulin (Humulin R U-500 regular insulin) was evaluated after storage in 0.3 mL
polypropylene insulin syringes. 0.25 mL (125 units) of U-500 insulin were drawn into each syringe. Sam-
ples were analysed immediately to establish baseline (day 0) stability values. The remaining syringes
were kept capped inside an open tray in a laboratory refrigerator (3-5 °C). At days 7, 14, 21, and 28, 3 of
the stored syringes were removed for analysis. A sample also was drawn for a forced degradation sam-
ple.

Measurements The RP-HPLC method was adapted for use with modifications according to standard insulin HPLC pro-
tocols used by the column manufacturer. A standard curve of concentrations ranging from 0 U/mL to
100 U/mL was prepared to establish the linearity of the peak area versus concentration. Stability-indi-
cating ability of the method was determined through the assay of a forced degradation sample. The
mean (SD) AUC for insulin peak 1 was calculated. Mean values for days 7, 14, 21 and 28 were adjusted to
a percent of the mean day 0 value (measured at 500 U/mL; diluted sample measured at 40 U/mL).
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Lull 2013 (continued)

Results

Results were given as percent initial concentration of 500 U/mL remaining (mean of 3 biological repli-
cates).

. Day7:97.8(SD0.6)

. Day 14:99.4 (SD 3.9)
. Day21:99.9 (SD 2.4)
. Day28:93.3(SD 2.4)

Funding sources/conflict
of interest

Quote: "The authors declare no conflicts of interest or financial interests in any product or service men-
tioned in this article, including grants, employment, gifts, stock holdings, or honoraria."

Notes
Moses 2019
Study characteristics
Study design Authors reported an analysis of insulin concentration and stability of production batches covering 7
years of production of NPH insulin: Insulatard (Novolin N, Novo Nordisk A/S) and regular human insulin

Actrapid (Novolin R, Novo Nordisk A/S). Actrapid and Insulatard were analysed for impact on insulin

concentration under the following 2 conditions.

« Stored for 30 months at 5 °C and handled as per procedure during the cold-chain transport and during
pharmacy storage. Samples were left at 30 °C for 6 weeks to mimic in-use impact.

« Stressed conditions: stored for 30 months at 5 °C and handled as per procedure during cold-chain
transport and during pharmacy storage. Samples were left for additional 4 weeks in 30 °C to mimic
non-recommended handling conditions and then left at 30 °C for 6 weeks to mimic in-use impact.

Additionally, an analysis of previous 3 years of returned insulin samples from US people with diabetes

was performed.

Measurements Insulin concentrations were measured using RP-HPLC.
Results None of the samples were outside FDA specifications. The analysis was based on stability data from =

85 insulin production batches covering 7 years of production.

Funding sources/conflict
of interest

Quotes: "Alan Moses, Jesper Bjerrum, Morten Hach, Lars Holm Waehrens, Anders Dyhr Toft are full-time
employees and minor stockholders of Novo Nordisk."

"This study was funded by Novo Nordisk A/S."

Notes
Pendsey 2023
Study characteristics
Study design 6 insulins (100 IU/mL; purchased from local pharmacies) were studied: 10 mL vials of human soluble
(Eli Lilly), human isophane (Eli Lilly) and human soluble/isophane 30/70 (Novo Nordisk) vials; and 3 mL
cartridges of insulin aspart (Novo Nordisk) and 2 preparations of insulin glargine (Sanofi and Eli Lilly).
6 consenting families with a young person with insulin-requiring diabetes, attending the Diabetes Re-
search Education and Management (DREAM) Trust in Nagpur, India participated in the study. All fami-
lies lived in Nagpur city within 5 km of the DREAM Trust clinic. Each received 2 different types of insulin
which were stored either in water-tight bags, in open plastic containers, placed on a cupboard or high
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Pendsey 2023 (Continued)

shelf, or in water-tight bags in clay pots with a separate water compartment and all in shaded areas.
12 control 10 mL vials or 3 mL cartridges of each insulin were also kept refrigerated at the DREAM Trust
(except for human isophane and human 30/70 insulins where only 6 vials/cartridges were stored). All
samples of each type of insulin came from the 1 batch.

Measurements

Each family was provided with Microlite USB temperature and humidity data loggers for temperature
measurements (Fourtec). Temperatures were recorded in all storage containers every 15 min and dur-
ing shipment for analyses at 2 analytical centres (University of Florida, USA and University of Gothen-
burg, Sweden). The temperature sensitive phase of the study was undertaken March to June 2021. In-
sulins were stored by families for 1, 2 and 4 months, and then retrieved and refrigerated at the DREAM
Trust. Samples were cold-chain couriered to University of Florida and University of Gothenburg in Ju-
ly 2021, and kept refrigerated until analysis, with temperature data loggers used during transit as well.
Allinsulin vials and cartridges remained unused until analysis. Excluding Isophane-containing insulins
which were solely transported to the University of Florida, insulins collected were equally distributed
between the 2 institutions.

Samples received were analysed based on insulin type using 2 different methods, randomised in terms
of analysis sequence within each type of insulin. Both approaches used the mean concentration from
refrigerated control samples as reference to assess changes over the study period.

At the University of Florida, analyses were conducted using the respective USP monographs for

each insulin type. Chromatographic separation and detection were conducted with a Vanquish ultra
HPLC variable wavelength detector (ThermoScientific). All data were processed and analysed with
Chromeleon 7. At the University of Gothenburg, 1H NMR was used to evaluate 4 insulin types using a
sample preparation protocol ensuring minimal perturbation of the native formulations. 1H NMR was
not used to assess the isophane and mixed insulin because the high viscosity of isophane results in too
broad spectral lines in solution NMR. An insulin concentration of 100% + 5% was acceptable according
to the USP standard.

Results

In the analysis at the University of Florida, all human insulin samples maintained = 95% of the refriger-
ated potency except for 1 vial each of human soluble, human soluble-isophane (30:70), and human iso-
phane (range 92.4-94.1%), all at 4 months.

In the analysis done at the University of Gothenburg, there was an apparent subtle line width increase
and slight peak shifts in NMR spectra, which correlated with storage time for non-refrigerated samples,
probably due to altered conformation or multimerisation in a minor fraction of the insulin molecules.
No loss of relative concentration was found using NMR. A decrease in total concentration in any of the
insulin types was not observed as being larger than the precision of measurements (less than 1%), re-
gardless of storage time or type of storage.

When the insulin potency difference across all investigated insulins between refrigerated samples and
samples stored in clay pots was compared to the difference between refrigerated samples and sam-
ples stored in open boxes, the decline in mean potency for those samples stored in clay pots at month
4 (0.5%) was significantly lower than that for those stored in open boxes (3.6%, P = 0.001). The potency
difference between refrigerator and clay pot samples was —2.8% to 2.0%, while the potency difference
between refrigerator and open boxes was -7.9% to —0.1%. The overall mean + SD and median (IQR)
were —0.5% (SD 1.7) and -0.3% (IQR -2.1% to 1.0%) for clay pot; =3.6% (SD 2.3) and -3.7% (IQR -5.7% to
-1.8%) for open box.

Funding sources/conflict
of interest

Quote: "JM and GDO work for the Life for a Child programme at Diabetes NSW & ACT, which does re-
ceive non-salary support from Eli Lilly. MAA reports cooperation (consultative, educational, and re-
search) with companies and entities (CodeBio, Diamyd Medical, Endsulin, IM therapeutics, and Repi-
toire) interested in type 1 diabetes prevention and reversal (not directly insulin thermostability), as well
as receiving an independent award from the Novo Nordisk Foundation. MAA is also President of Insulin
for Life USA. All other authors declare no competing interests."

Notes
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Schrader 1985

Study characteristics

Study design

Lilly human insulin(Eli Lilly GmbH), Velasulina@ Nordisk (Novo), Hoechst human insulin 31H (0-40)
(Hoechst AG), Actrapid human insulin (Novo) and Actrapid MC insulin (Novo) were investigated 10
months after production. Between the experiments, the insulin preparations were stored at 4 °C. In-
vestigators received from Hoechst an insulin formulation which was stored for 3 years at 37 °C. This
preparation contained aggregates and smaller parts of the insulin molecule. Eli Lilly and Company and
Nordisk provided the date of production of the tested insulin. All these preparations were soluble neu-
tralinsulins, 40 U/mL.

2 preparations each from the insulins were shaken for 72 hours at 37 °C and at ambient temperature for
72 hours. Investigators collected samples of about 1 mL of insulin during the separations before and af-
ter shaking. Then, radioimmunological activity was tested with an insulin kit.

Investigators inoculated parts of the insulin sediment on culture plates to look for bacterial growth.

Measurements

Insulin potency was investigated by RP-HPLC and gel-filtration chromatography. Authors collected
samples of about 1 mL at the retention time of insulin during the separations before and after shaking.
Then, radioimmunological activity was tested with an insulin kit from Sorin Biomedica (Saluggia, Italy).
Furthermore, study authors measured bacterial growth after inoculation.

Results

There were no differences between the insulin formulations separated at ambient temperature as well
asat37°C.

Investigations performed at ambient temperature showed the same molecular weight range for insulin
as investigations performed at 37 °C.

After shaking at 37 °C for 72 hours, the Hoechst human insulin and Actrapid MC showed a milky suspen-
sion. Under the same conditions, the human insulin of Eli Lilly remained a clear solution. After shaking
at ambient temperature and at 2 different velocities, each of the 2 formulations remained clear.

The immediately performed gel-filtration showed in no case higher molecular aggregates but the for-
mulations showing milky suspensions contained insulin in an obviously reduced quantity.

The material, inoculated on culture plates, showed no bacterial growth. The sample of insulin received
during separations before and after shaking showed radioimmunological activity.

For the insulin stored for 3 years at 37 °C separations of insulin aggregates were visible.

Funding sources/conflict
of interest

Quotes: "We received from the company of Hoechst an insulin formulation which was stored during
three years at 37°C."

"We appreciate the fact that the companies of Eli Lilly and Nordisk have been so kind as to give us the
date of production of the tested insulin. All these preparations were soluble neutral insulins, 40 E/ml."

"Supported by Foundation Herbert-Weishaupt e.V."

Notes aShort-acting insulin was withdrawn for commercial reasons by the manufacturer.
Shnek 1998
Study characteristics
Study design Study authors investigated short-acting, intermediate-acting and mixed human insulin (Humulin Regu-
lar, Humulin NPH, and Humulin 70/30 [N/R]).
Measurements Combined effects of temperature and agitation on insulin pen cartridge products were investigated.
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Shnek 1998 (continued)

Physical stress test, TCRT included temperature cycling (25-37 °C) in an incubator unit combined with
resuspension conducted twice daily on a mechanical device outside the incubator unit. Temperature
changed from 25 °C to 37 °C over 2 hours, with 10-hour periods at each temperature. The tempera-
ture was decreased from 37 °C to 25 °C over 2 hours and the cycle resumed for 28 days. Cartridges were
placed on a specially constructed resuspension machine which mechanically mimicked the resuspen-
sion instructions provided in the literature for people with diabetes. The resuspension machine per-
formed the designated number of rolls and inversions on the cartridges, consisting of 3 sets of 10 rolls
plus 10 inversions twice daily.

Visual assessment: cartridges were visually assessed by trained operators after resuspension on test
days 0, 7, 14, 21, and 28. Cartridges were checked for visual changes compared to quiescent refrigerat-
ed control samples. For solutions, visual changes included changes in colour and clarity from a clear
solution. For suspensions, visual changes included the presence of large aggregates (clumps) or materi-
al adhered to the cartridge wall (frosting), or both.

Insulin potency: RP-HPLC was used to determine total insulin potency.

Physical stress test, HTEAT included continuous high temperature (37 °C) exposure in an incubator unit
combined with periodic daily agitation by specially constructed rotation devices while still inside the
incubator unit. The incubator unit was calibrated to 37 °C. The cartridges were rotated at 30 rotations
per min for 4 hours by custom-made rotators. Additional agitation was imparted on the test cartridges
through resuspension outside the incubator unit. The resuspension machine was used after the car-
tridges were removed from the incubator unit and prior to visual assessment. The resuspension ma-
chine performed 3 sets of 10 rolls plus 10 inversions.

Visual assessment: cartridges were visually assessed after resuspension by trained operators on test
days0,2,5,7,9,11, 14,17, 21, 24 and 28. Cartridges were checked for visual changes compared to qui-
escent refrigerated control samples. For solutions, visual changes included changes in colour and clar-
ity from a clear solution. For suspensions, visual changes included the presence of large aggregates
(clumps) or material adhered to the cartridge wall (frosting), or both

Insulin potency: dose potency was defined as the quantification of 1Us recovered from a specific dose
dispensed from a cartridge. RP-HPLC was used to determine the dose potency.

Microscopy was performed and photographs were taken at 1000 x magnification.

Particle size measurements were performed and the volume percent distribution mean was reported
for insulin crystals.

Electrophoretic mobility measurements were performed on insulin suspensions.

Results For soluble short-acting formulations (Humulin R), all stress testing studies showed no change in the
product for all conditions tested over 28 days.

Neither the potency nor visual assessments of intermediate-acting insulin suspensions (Humulin NPH
[N] and Humulin 70/30 [N/R]) were negatively impacted when subjected to TCRT conditions. HTEAT
testing of both suspension products resulted in an HPLC potency measurement for a visually un-
changed cartridge that was within specifications after 1 week on the test. For suspensions, the HTEAT
stress conditions caused visual changes (agglomerates) over 28 days.

Funding sources/conflict Quote: "Contribution from Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, Indiana
of interest 46285."
Notes
Silva 2013
Study characteristics
Thermal stability and storage of human insulin (Review) 55

Copyright © 2023 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.



- Coch rane Trusted evidence.
= . Informed decisions.
- Li b ra ry Better health.

Cochrane Database of Systematic Reviews

Silva 2013 (continued)

Study design

Intermediate-acting mixed human insulin (Humulin 70/30) and insulin detemir (Levemir) vials were
opened, time 0 samples were taken, and the vials were randomly assigned to room temperature or re-
frigerated storage. Vials stored in refrigerated conditions were kept at 2-8 °C and those stored at room
temperature were stored at 22-24 °C.

Measurements

A modified HPLC assay was used to quantify insulin AUC profiles under different storage conditions.
AUC was quantified at opening (time 0) and at days 28, 35 and 42. 2 batches of insulin were stored in re-
frigerated conditions and 2 batches at room temperature conditions, each run at different times. Batch
1ran for 35 days and batch 2 ran for 42 days.

Investigators could not confirm which peaks corresponded to metacresol preservative or insulin nor
additional procedures to detect degradants.

Results

AUC for refrigerated samples days 28, 35 and 42 were compared to time 0 samples.

After 35 days for the intermediate-acting insulin, the 12-min peak ranged between 99% and 101% of
time 0 AUC reference values. The 21-min peak ranged between 99.6% and 100% of time 0 AUC refer-
ence values. After 42 days, the 12-min peak was 93% of time 0 AUC reference values. The 21-min peak
was 94% of time 0 AUC reference values.

Funding sources/conflict
of interest

Quotes: "Competing interests: none declared".

"None of this work was funded, supplied or supported by any pharmaceutical company."

Notes

Silva-Jr 2022

Study characteristics

Study design

Commercial insulin (100 U/mL, equivalent to 600 uM according to WHO), short-acting human insulin
(Humulin R), intermediate-acting insulin (Humulin N) and rapid-acting insulin analogues (Lispro and
Aspart), in 3 mL ampoules, were purchased from local suppliers, transported in ice and stored at 4

°C until use. All experiments were performed in replicates from independent insulin vials. All analy-
ses were performed by incubating at 4 °C and 37 °C for 5 weeks, with weekly sampling of about 300 pL
aliquots using new sterile 1 mL insulin syringes, transferring these to low protein binding polypropy-
lene tubes, while being kept in ice during analysis and discarded afterwards.

Measurements

TEM: evaluation for the presence of agglomerates.
ThT fluorescence: analysis of the formation of amyloid material.

Electrospray ionisation - ion mobility spectrometry-mass spectrometry (ESI-IMS-MS): evaluation of the
formation of aggregates due to chemical degradation.

DLS to monitor the oligomeric and particulate distribution of insulin.

SEC: additional evaluation of the products.

Results

TEM: authors found no agglomerates in the freshly opened products. Large amorphous agglomerates
were observed at 35 days after first handling, both at 4 °C and 37 °C. No evidence for other morpholo-
gies were found in replicates of these material at 3000 x magnification, suggesting that the material
consisted mainly of amorphous aggregates. ThT fluorescence: compared with baseline measurements,
authors observed that ThT fluorescence remained largely stable for up to 28 days, during which the
samples were routinely handled and stored at 4 °C and 37 °C. After 35 days, a slight increase in ThT fluo-
rescence was found, although no other evidence of amyloid was found in TEM and DLS. These data sug-
gested that amyloid material was not dominant as indicated by ThT, and actually formed during han-
dling of insulin products, as identified by DLS, and was likely amorphous as shown by TEM.
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Silva-Jr 2022 (continued)

Electrospray ionisation - ion mobility spectrometry-mass spectrometry: the ion mobility spectra re-
vealed multiple conformers for charged states of insulin monomers, that remained similar after 35

days of handling and storage at 4 °C and 37 °C. The ion mobility spectra did not show stable high-order
oligomers as observed in DLS and TEM. The insulin formulations revealed multiple charged state as ex-
pected for their respective molecular weight, without evidence of detectable oxidation, deamidation or
other degradation. Deconvoluted spectra confirmed their molecular weight and the lack of detectable
degradation products. These data suggested the chemical stability of the investigated insulin formula-
tions.

DLS: there was a main peak with a hydrodynamic radius (Rh) of about 2 nm for all insulin products. A
smaller second population with higher Rh was found for regular and Lispro insulins. From day 7 up to
day 35 of evaluation, all formulations presented populations of increasing Rh at both incubation tem-
peratures. Authors observed a progressive decrease in the relative amount of the lower Rh population
over time after 7 days of use. The decrease was more pronounced at 4 °C for both the regular insulin
products and the insulin analogue Aspart, whereas a reverse pattern was observed for Lispro insulin.
Overall, results indicated that at both storage temperatures, there was a progressive reduction in the
relative amount of the low Rh species after 7 days from first use of the insulin products.

SEC: the chromatogram of the insulin formulations after 35 days of weekly handling and storage at 4 °C
and 37 °C and freshly opened products revealed 1 major peak at retention time of about 10.0 min, cor-
responding to the major insulin oligomer and others corresponding to phenolic compounds according-
ly at about 17.5 min and 21.5 min. No other major peak was observed in the SEC analysis.

Funding sources/conflict
of interest

Quootes: "This work was supported by the Coordenagdo de Aperfeigoamento de Pessoal de Nivel Su-
perior (CAPES, Finance Code #001), Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPg; PQ/311582/2017-6; PQ/313179/2020-4, to LMTRL), Fundagdo de Amparo a Pesquisa do Estado
do Rio de Janeiro Carlos Chagas Filho (FAPERJ; grants E-26/202.998/2017-BOLSA, E-26/200.833/2021-
BOLSA, E-26/010.001434/2019-Tematico and E-26/210.195/2020 to LMTRL) and Programa Nacional de
Apoio ao Desenvolvimento da Metrologia, Qualidade e Tecnologia (PRONAMETRO, to LMTRL; 01/2018-
BOLSA) from the Instituto Nacional de Metrologia, Qualidade e Tecnologia (INMETRO). The funding
agencies had no role in the study design, data collection and analysis, or decision to publish or prepare
of the manuscript."

"The authors declare the following financial interests/personal relationships which may be considered
as potential competing interests: Luis Mauricio T. R. Lima reports financial support was provided by
Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico. Luis Mauricio T. R. Lima reports finan-
cial support was provided by

Fundagdo de Amparo a Pesquisa do Estado do Rio de Janeiro Carlos Chagas Filho. Luis Mauricio T. R. Li-
ma reports financial support was provided by Instituto Nacional de Metrologia, Qualidade e Tecnolo-
gia. Talita Stelling de Araujo reports financial support was provided by Fundagdo de Amparo a Pesquisa
do Estado do Rio de Janeiro Carlos Chagas Filho. Hamilton da Silva Jr reports a relationship with No-
vageia Biotechnology that includes: board membership and equity or stocks. Marcius da Slva Almeida
reports a relationship with Biozeus Biotechnology that includes: consulting or advisory. none."

"Prof. Hamilton da Silva Junior is a Collaborator Professor at UFRJ and has job appointment at No-
vageia Biotechnology S/A. MSA has served as consultant and received financial support from BioZeus
Biotechnology S/A. The other declare no financial or intellectual conflicts of interest with the contents
of this article.”

Notes
Tarr 1991
Study characteristics
Study design The stability of regular (Humulin R, 100 units/mL), isophane (Humulin 100 units/mL), combination (Hu-
mulin N/R (70/30)), and extemporaneously prepared combination human insulin (Humulin 7R (70/30)
and Humulin) was evaluated after storage in 1 mL polypropylene syringes. Extemporaneously prepared
combination human insulin was made by withdrawing 30% of the volume from isophane insulin vials
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Tarr 1991 (Continued)

and replacing that volume with regular insulin. For each type of insulin, 0.4 mL samples were with-
drawn from multiple-dose vials into polypropylene syringes and propylene-ethylene copolymer sy-
ringes. The contents of 3 syringes of each type were analysed immediately to establish baseline (time
0) values. Of the remaining syringes, half were placed in a plastic bag and kept at room temperature
(22-23 °C), while the other half were placed in a plastic bag and kept in the refrigerator (3-5 °C). A vial of
each type of insulin was also maintained under the same conditions as the syringes. At days 1, 3, 7, 14,
21 and 28, 3 syringes stored at each temperature were removed, and the contents were analysed for in-
sulin potency, metacresol and phenol concentrations.

Measurements HPLC was used as a measure of insulin potency.

The insulin products were also tested in triplicate for sterility after 1, 2, and 4 weeks of storage at 4 °C
and 23 °C in the 2 plastic syringes. Before the direct inoculation of the insulin products into the sterili-
ty test media, the same preservatives used in these products were added to the media for evaluation of
the bacteriostatic or fungistatic activity produced by the preservatives in the media. Because no bacte-
riostasis or fungistasis occurred, the direct inoculation procedure was deemed appropriate. In all steril-
ity studies, the media were concurrently challenged for growth potential. The presence or absence of
microbial growth after the incubation period was used to determine whether sterility was maintained.

Insulin potency data and concentrations of the preservatives at each test day were compared with the
potency of insulin in the syringes at day 0 and initial concentrations, respectively.

Results Human insulins stored at 4 °C and 23 °C did not show a significant loss of potency in either type of sy-
ringe during the 28-day test period.

The metacresol concentration decreased in all human insulins tested at room temperature during
the 28-day study. The decrease was smaller at 4 °C than at 23 °C. The samples stored in polypropylene
syringes tended to show a greater decrease in metacresol concentration than those stored in propy-
lene-ethylene copolymer syringes. Phenol concentrations were less affected than metacresol concen-
trations in both types of plastic syringe. However, phenol concentrations were decreased in the sam-
ples stored in plastic syringes at room temperature.

None of the human insulins that were drawn into the 2 different plastic syringes had any microbial
growth.

Funding sources/conflict Quote: "Supported by a grant from Eli Lilly and Company."
of interest

Notes

Vimalavathini 2009

Study characteristics

Study design 2 human insulin formulations, regular and biphasic insulin (30/70) were purchased from the open mar-
ket from 3 different manufacturers (Novo Nordisk, Eli Lily and Company, and BIOCON). Pure insulin
powder which was used as reference standard was procured from Sigma-Aldrich Chemicals, USA.

Human insulin formulations were stored at 5 different temperatures based on manufacturers recom-
mendations and the way people with diabetes were storing insulin in their homes, i.e. 5 °C (refrigera-
tor), 25 °C (air-conditioned room), 26 °C (mud pot), 32 °C (room temperature) and 37 °C (room temper-
ature in summer). Samples were withdrawn from these vials every 7 days for 28 days and analysed by
HPLC. Study duration was 28 days.

Measurements HPLC analysis showed intraday and interday coefficients of variation < 3.8% and 8.7%, respectively. Po-
tency of biphasic insulin was reported in terms of regular insulin. The concentration of insulin by the
HPLC method was reported as mean. Indian pharmacopoeia recommended a deviation of up to + 10%
of the stated label claim of insulin and this was followed. Data were expressed as mean + SEM.
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Vimalavathini 2009 (continued)
Insulin tolerance test in rabbits: New Zealand white rabbits of either sex weighing approximately 2 kg
were used. The rabbits were divided into 5 groups with 6 or 7 animals in each group. Each group re-
ceived regular human insulin of 3 different brands stored at 5 different temperatures for 25 days. The
vial was opened on the 25th day. Rabbits were deprived of food but not of water for 2 hours before the
start of the experiment. Insulin was injected at 0.75 U/kg bodyweight intraperitoneally. Blood sugar
was obtained at 0, 15, 30 and 60 min from the ear vein using a glucometer.

Results All 3 brands of insulin for both the formulations did not differ considerably in their insulin content dur-
ing various sampling time and temperatures. There was no difference in concentration of insulin in
vials stored at 25 °C and 26 °C compared to those stored at 5 °C on all 5 sampling days.

There was a 14% and 18% decrease in the concentration of regular insulin in vials stored at 32 °C and
37 °Conday 28 for all the 3 brands. There was an 11% and 14% decrease in the concentration of regular
insulin in biphasic insulin formulation in vials stored at 32 °C and 37 °C on day 28.

Insulin injection showed a considerable decrease in blood glucose levels in rabbits with respect to
basal glucose at 15, 30 and 60 min (for details see Table 4).

Funding sources/conflict Funding not mentioned.

of interest
Quote: "Conflict of interest: none."

Notes

1H NMR: proton nuclear magnetic resonance spectroscopy; AUC: area under the curve; CV: coefficient of variations; DLS: dynamic light
scattering; FDA: Food and Drug Administration; HPLC: high-performance liquid chromatography; HTEAT: high temperature and extreme
agitation test; IQR: interquartile range; ITP: insulin transformation product; IU: insulin unit; min: minute; nm: nanometre (10~ m);
NMR: nuclear magnetic resonance; NPH: neutral protamine Hagedorn; PCA: principal component analysis; RP-HPLC: reverse phase high-
performance liquid chromatography; SD: standard deviation; SEC: size-exclusion chromatography; SEM; standard error of the mean; TCRT:
temperature cycling and resuspension test; TEM: transmission electron microscopy; ThT: thioflavin T; U: unit; USB: universal serial bus;
USP: US Pharmacopeia.

Characteristics of excluded studies [ordered by study ID]

Study Reason for exclusion
Albergo 1992 Opinion letter, no data
Allen 1982 Not human insulin
Bishop 1970 Letter, no data
Braune 2019 Investigation of storage conditions of insulin in domestic refrigerators and when carried by pa-
tients
Casey 1983 Viewpoint, no data
Davis 2010 Description of a temperature stability database for refrigerated medications, no data
Delbeck 2021b Investigation of insulin analogues
Dokken 2017 Letter, no data
Fisch 1987 Not human insulin
Gill 2000 Viewpoint, no data
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Study Reason for exclusion

Gill 2002 Temperature measurements, insulin quantity not measured

Gilligan 2021 Temperature measurements, insulin quantity not measured

Grajower 2003 Commentary, no data

Grajower 2014 Commentary, no data

Grant 1946 Not human insulin

Grau 1985 In-vitro investigation of several insulin pump devices (delivery system environment test)
Havlova 1966 Not human insulin

Hearnshaw 2009 Letter, no data

Herr 2014 Intervention not outside recommended temperature or storage; unclear type of insulin
Hildebrandt 1986 Not human insulin

Hildebrandt 1987 Not human insulin

Kalra 2012 Letter, no data

Kasmer 1986 Not human insulin

Keller 2003 General information on insulin storage, no data

Khurana 2019 Review, no additional data

Kircher 1990 Narrative review, no data

Kongmalai 2022 Investigation of insulin analogue

Kristensen 2011 Stress tests of insulin pen, not of insulin

Krogh 1928 Heating experiment, destructive action of heat (buffered solution of insulin, unclear type of insulin)
Levine 1970 Instruction course, no data

Lopez 2014 Investigation of bubble formation in insulin pumps filled with an insulin analogue
Minuto 2010 Case report

Mitchell 2012 Cross-sectional study on administration technique and storage of insulin pens reported by people

with diabetes

Mokta 2014 Letter, no data
Nassar 2010 Cross-sectional study on self-management strategies used by people with diabetes in hot weather
Ogle 2016 Temperature measurements, insulin quantity not measured
Oliva 2009 Arrhenius plot of isothermal and non-isothermal methods to estimate the shelf-life of human in-
sulin
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Study

Reason for exclusion

Pendsey 2006

Temperature measurements, insulin quantity not measured

Perriello 1988

Short-term pharmacokinetic/pharmacodynamic study under regular storage conditions

Peters 1987

Clamp study on mixing neutral protamine Hagedorn and regular insulin

Pflitzner 2016 Proof-of-concept device test, no insulin stability data

Pflitzner 2017 Device test, no insulin stability data

Pfiitzner 2018a Investigation of an insulin analogue

Pfiitzner 2018b Investigation of an insulin analogue

Pflitzner 2018¢ Investigation of an insulin analogue

Pingel 1972 Not human insulin

Plager 2017 Investigation of withdrawing insulin from a vial with/without returning air
Pryce 2009 Case report

Puepet 2007 Survey of Nigerian patients' insulin storage at home

Rathod 1985

Not human insulin

Richards 2013

Narrative review, no data

Santiago 2002

Investigation of an insulin pen injection device

Seyoum 1997

Cross-sectional study on how patients in Ethiopia store their insulin at home

Steil 1988 Narrative review, no data

Stephenson 1960 Not human insulin

Stephenson 2018 Opinion letter, no data

Storvick 1968 Not human insulin

TCTR20210611002 Investigation of an insulin analogue

Thirunavukkarasu 1968 Case series

Vereshchetin 2016 Investigation of an insulin analogue and 2 different batteries for insulin pumps
Virmani 2020 Viewpoint, no data

Westphal 2010

Narrative review, no data

Yun-Chu 2017

Investigation of sol-gel tailored silica to protect insulin during transport and distribution

Zell 1983 Not human insulin
Zhao 2015 Review, no additional data
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ADDITIONAL TABLES

Table 1. Baseline characteristics (1)

Study ID Study type Stated aim of study (quotes) Country Type and brand
of human in-
sulin

Al Shaibi 1999 Pilot clinical "The purpose of our study was to demonstrate the ~ Saudi Arabia Neutral human

study possible effect on the bioactivity of insulin, follow- insulin
ing storage in a zeer, a semiporous clay pot con-
taining water, in desert conditions."

Baechler 2020 Lab study "In an attempt to challenge the findings of Carter Switzerland Human insulin
and Heinemann, we set out to develop a high- )
throughput (1 min/sample) high-resolution MS Insulin aspart
method to quantify insulin content and stability in .

e Faster-acting in-
vials. ,
sulin aspart
Insulin glargine
Insulin lispro

Delbeck 2021a Lab study "Infrared (IR) spectroscopy has been successfully Germany Insulin detemir
utilized for secondary structure analysis in cases of )
protein misfolding and fibril formation." Insulin aspart

NPH insulin hu-
man

Insulin lispro
Insulin lispro
NPH insulin
Insulin glargine

Dunbar 1986 Lab study "The purpose of this study was to evaluate the im- USA Human insulin
munologic and radioreceptor degradation of in- Porcine insulin
sulin storage in commercial plastic syringes." Lente iletin

Gregory 1991 Lab study "First, how much insulin transformation had oc- UK Human insulin
curred in vials by the time patients had finished ) )
with them? Next what was the importance of tem- Beefinsulin
perature, light, agitation, and regular withdrawal of
insulin on the rates of appearance of three groups
of ITP (insulin transformation product)? Finally,
how did rates of transformation in vials issued to
patients compare with vials from the same batch
stored in various laboratory environments?"

Kaufmann 2021 Lab study "In this work, therefore, the question addressed is Switzerland Actrapid
whether commercially available insulin is stable Insulatard
under high oscillating ambient temperatures for a Mixtard 30
period of four weeks (28 days), which corresponds Novorapid
to the usual recommended period of use of most Lantus Solostar
commercially available insulins upon opening of Humalog
the vial or cartridge." KwikPen
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Table 1. Baseline characteristics (1) (continued)

Humalog
KwikPen mix 25

Koffler 1992 Lab study "The aim of this study was to evaluate the sterility Israel Human insulin
of insulin and syringes when they were kept under Rapid-acting in-
refrigeration for up to 10 days." sulin

Kongmalai 2021 Lab study "Investigates the effect of temperature on the sta- Thailand NPH insulins
bility of basal insulin at 28 days after opening."

Insulin analogue

Lull 2013 Lab study "The objective of this study was to determine if USA Human insulin
U-500 insulin is stable when stored in prefilled sy-
ringes at 4 °C for up to 28 days."

Moses 2019 Lab study "On the background of the article by Carter and USA Short-acting in-
Heinemann and given the importance of insulin sulin
quality on patient outcomes, we evaluated in-
sulin concentrations in vials from three different Intermedi-
sources: (1) we analyzed insulin content and stabil- ate.-acting in-
ity based on production batches covering 7 years of sulin
production, (2) we measured insulin content from
the last three years of insulin samples returned to
Novo Nordisk from patients in the United States be-
cause of concerns expressed by the patients, and
(3) we reviewed data from 10 years of independent
European Medicines Association (EMA) sampling
and testing of products."

Pendsey 2023 Lab study "In this pilot study, we aimed to identify: (1) the po-  India Human insulin:
tency of six 100 IU/mL insulins (vials of human sol-
uble; Eli Lilly), human isophane (Eli Lilly), and hu- Humulin R
man soluble-isophane (30:70; Novo Nordisk); and 3 Humulin N
mL cartridges of insulin aspart (Novo Nordisk), and Mixtard 30/70
two preparations of insulin glargine (Sanofi and Eli . .
Lilly) stored unopened for 1-4 months in non-re- Analogug insulin:
frigerated conditions in a real-world setting dur- Novorapid
ing the summer in India, all compared with control Lantus/Basaglar
samples of each insulin, which remained refriger-
ated; and (2) whether there was any difference in
storage temperatures and changes in potency be-
tween samples stored within and outside clay pots.

These insulins were chosen to include commonly
used insulins."

Schrader 1985 Lab study "In this study we investigated with High Perfor- Germany Human insulin
mance Liquid Chromatography (HPLC) (reversed
phase chromatography and gel-filtration) the ag- Pork insulin
gregational behaviour of pork and human soluble
insulin formulations under variations of motion
and temperature.”

Shnek 1998 Lab study "In this study, aspects of the test development USA Human insulin
have been addressed such as the test conditions, regular, NPH,
automation of physical stress testing, and results biphasic (70/30)
for different formulations."

Silva 2013 Lab study "To evaluate the stability of two long-acting insulin ~ USA Human insulin

formulations, Humulin 70/30 and Levemir, after 28
days."

biphasic (70/30)
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Table 1. Baseline characteristics (1) (continued)

Insulin detemir

Silva-Jr 2022 Lab study "In this work, we investigated the effects of tem- Brazil Human insulin H
perature and intermittent handling on the forma- -regularH
tion of subvisible and submicrometer protein parti- ) )
clesin commercial insulin formulations." Human insulin N
-regularN
Tarr 1991 Lab study "This study was conducted to determine the stabil-  USA Human insulin
ity of a variety of biosynthetic human insulin prod- regular, NPH,
ucts, along with their preservatives, when stored in biphasic (70/30)
two commonly used plastic insulin syringes."
Vimalavathini Lab study "... we undertook this study to compare the poten-  India Human insulin
2009 cy of human insulin from three different manufac- regular, biphasic
turers after storing at different temperatures and (30/70)
durations."
1U: insulin unit; lab: laboratory; MS: mass spectrometric; NPH: neutral protamine Hagedorn.
Table 2. Baseline characteristics (1)
Study ID Injection and con-  Temperature and storage conditions Measurements
tainer device
Al Shaibi 1999 Vials (opened) Temperature: outside 38.3 °C; insulin zeer 26.6  Twice-daily sampling of insulin 10 U

°C; dry zeer 34.6 °C; insulin vials stored in the
shade 35.3 °C; water zeer 26.7 °C; bathroom
26.4 °C; refrigerator 4 °C

Storage period: 6 weeks

Storage conditions: clay pot (zeer) contain-
ing water; dry zeer; insulin vials in the shade;
water zeer; bathroom (air-conditioned house);
refrigerator

(simulation of usage conditions)

« Temperature readings on 12 oc-
casions

» Plasma glucose measurements
afterintravenousinjection of 0.1
U/kg bodyweight of regular in-
sulin

Baechler 2020

Vials (unopened)

Temperature: 4°C, 22 °C, 37 °C
Storage period: 1-85 days
Storage conditions: temperature-controlled

environments with electronic temperature
monitoring (refrigerator or incubators)

« Mass spectrometry (insulin con-
centration)

« Screening for degradation prod-
ucts

Delbeck 2021a

Cartridges (un-
opened)

Temperature: 0°C, 20 °C, 37 °C
Storage period: up to 10 weeks

Storage conditions: climatic exposure cabi-
nets

« Infrared spectroscopy in combi-
nation with attenuated total re-
flection technique (comparison
of protein structural changes)

Dunbar 1986

Prefilled syringes

Temperature: 4°C
Storage period: 1, 3, 7 and 14 days
Storage conditions: refrigerator

 Insulin radioimmunoassay (in-
sulin potency)

« Radioreceptor assay (binding to
hepatic insulin receptors)

Gregory 1991

Vials (opened, some
samples)

Temperature: 19-24 °C (room temperature in
the dark), 18-25 °C (room temperature in day-
light), 8-35 °C (in direct sunlight on a window
sill), 37 °C (in the dark), 4 °C (in the dark), car-
ried in the breast pocket of a shirt

Twice-daily sampling (simulation of
usage conditions)

« Insulin potency (RP-HPLC)
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Table 2. Baseline characteristics (1l) (continued)

Storage period: 2, 4, 6, 8, 10, 14, 18 and 26
weeks

Storage conditions: under environmental con-
ditions in the laboratory

Cochrane Database of Systematic Reviews

Kaufmann 2021

Vials and car-
tridges/pens
(opened, some
samples)

Oscillating temperatures 25-37 °C; isothermal
(continuous) temperatures 31 °C and 37 °C
Storage period: oscillating temperatures 4
and 12 weeks; isothermal (continuous) tem-
peratures 1, 2, 4 and 8 weeks

Storage conditions: incubators replicating
temperature fluctuations in the Dagahaley
refugee camp (Northern Kenya); a series of
mixed insulin vials were stored at ambient
temperature in Kenya for 4 weeks of use by pa-
tients and brought back to Geneva for analysis

For some samples, insulin was tak-
en out daily (simulation of usage
conditions with dosages of 10 U

in the morning and 12 IU in the

evening)

Insulin potency (RP-HPLC cou-
pled with UV detection)

Secondary structure of insulin
monomers (measuring circular
dichroism)

Residual insulin bioactivity by
measuring insulin efficiency on
insulin receptor and akt ki-
nase activation (Akt) phosphory-
lation in hepatic cells

Visual inspection

« Microbial contamination (by
transmission  electron  mi-
croscopy)

Phenol and metacresol concen-
tration

Koffler 19920

Prefilled syringes

Temperature: 4 °C
Storage period: 10 days
Storage conditions: refrigerator

Sterility

Kongmalai 2021

Cartridges/pens
(opened)

Temperature: mean 29.7 °C (2.8 SD), range
25.5-37.1°C;2-8°C;37°C
Storage period: 28 days

Storage conditions: room,; refrigerator; incu-
bator

2 units of insulin were discarded
every day (simulation of usage con-
ditions)

Insulin potency (ultra HPLC)

Lull 2013

Prefilled syringes

Temperature: 3-5°C
Storage period: 7, 14, 21 and 28 days
Storage conditions: laboratory refrigerator

Insulin potency (RP-HPLC)

Moses 2019

Vials (unopened)

Temperature: 5 °C, followed by 30 °C

Storage period: 30 months + 6 weeks (to mimic
in-use impact); 30 months + 10 weeks (4 weeks
to mimic non-recommended handling condi-
tions + 6 weeks to mimic in-use impact)

Storage conditions: refrigerator + unspecified
("leftat30°C")

Insulin potency (RP-HPLC)

Pendsey 2023

Vials (unopened)

Temperature: 26.3-28.9 °C (clay pot in shaded
area)

Storage period: 1, 2 and 4 months

Storage conditions: clay pot, open box, labo-
ratory refrigerator

Insulin potency (RP-HPLC)
1H NMR

Schrader 1985

Vials (unopened)

Temperature: 37 °C, ambient temperature

Insulin potency (RP-HPLC)
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Table 2. Baseline characteristics (1l) (continued)

Storage period: 72 hours

Storage conditions: shaking for 72 hours (75 or
150 rotations/min)

Cochrane Database of Systematic Reviews

 Gel-filtration chromatography
« Radioimmunological activity

« Bacterial growth after inocula-
tion

Shnek 1998 Cartridges/pens « Oscillating temperatures (OT) 25-37 °C; con-  Resuspensions were conducted
(unopened) tinuous temperature (CT) 37 °C (combined twice daily on a mechanical device
with periodic daily agitation by specially con-  outside the incubator unit
structed rotation devices) )
+ Storage period: OT 7, 14, 21,8 days; CT 2,5,7, ° Insulin potency (RP-HPLC)
9,11, 14, 17, 21, 24, 28 days + Visual changes (optical phase-
« Storage conditions: incubator contrast microscopy)
« Particle size determination
» Electrophoretic mobility mea-
surements
Silva 2013 Vials (unopened) « Temperature: 2-8 °C; 22-24 °C « Insulin potency (HPLC)
« Storage period: 28, 35 and 42 days
« Storage conditions: refrigerator; room
Silva-Jr 2022 Vials (unopened) « Temperature: 4 °C,37°C Protein structure:
» Storage perlo'd'. 3 days' ) « Dynamic light scattering;: deter-
« Storage conditions: refrigerator/incubator mination of oligomeric and par-
ticulate distribution of insulin
« Transmission electron  mi-
croscopy: morphological char-
acterisation of insulin HMWP
« Thioflavin T fluorescence: for-
mation of amyloid material
« Size exclusion chromatography:
analysis of insulin formulations
» Electrospray ionisation mass
spectrometry analysis in con-
junction with ion mobility: for-
mation of aggregates due to
chemical degradation
Tarr 1991 Prefilled syringes « Temperature: 3-5 °C; 22-23°C « Insulin potency (HPLC)

Storage period: 1, 3,7, 14, 21 and 28 days
Storage conditions: refrigerator; room

« Metacresol and phenol concen-
trations

o Sterility

Vimalavathini2009  Vials (probably un-
opened)

Temperature: 5°C, 32°C, 37 °C, 25°C, 26 °C
Storage period: 7, 14 and 28 days

Storage conditions: refrigerator; room tem-
perature; room temperature in summer; air-
conditioned room; mud pot

« Insulin potency (HPLC)
« Blood glucose (rabbit test)

aShort-acting insulin was withdrawn for commercial reasons by the manufacturer.

1H NMR: proton nuclear magnetic resonance spectroscopy; HMWP: high molecular weight protein; HPLC: high-performance liquid
chromatography; IU: insulin unit; (RP)-HPLC: (reverse-phase) high-performance liquid chromatography; SD: standard deviation; U: unit;
UV: ultraviolet.
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Table 3. Overview of data from study publications

Study ID Study type Type of in- Injectionand Maximum Maximum Main measurement(s) Key results?
sulin containerde- temperature storage peri-
vice od
Al Shaibi 1999  Pilot clinical SAl Vials Insulininclay 6 weeks Plasma glucose No difference
study pot 26.6 °C
Insulin in re-
frigerator4°C
Baechler 2020  Lab study SAl Vials Upto37°C 85 days Insulin potency 98.7 U/mL (CV 4.6%)
Gregory 1991 Lab study SAl Vials 37°C 26 weeks Insulin potency -1.184% total protein/week
Kaufmann Lab study SAl Vials 25°C-37°Ch 12 weeks Insulin potency SAl: 101.3% (SD 2.3)
2021 1Al 1week/2 Microbial contamina- IAl: 101.6% (SD 8.9)
Ml weeks tion MI: 101.9% (SD 3.5)
37°C¢ Protein structure MI: —15.4% / SAl: -12.5%
No microbial contamination
No changes
Moses 2019 Lab study SAl Vials 30°C 10 weeks Insulin potency SAl: 4.0 IU/mL (95% Cl 4.9)
1Al IAl: 1.4 1U/mL (95% CI 2.3)
Pendsey 2023  Lab study SAl Vials 28.9°C 4 months Insulin potency SAl: -2.4%
1Al Protein structure IAl: =0.7%
MI MI: -1.4%
Small changes
Schrader 1985  Lab study SAl Vials 37°C 72 hours Insulin potency No changes
Bacterial growth No bacterial growth
Silva 2013 Lab study 1Al Vials 24°C 42 days Insulin potency 93-94% AUC
Silva-Jr 2022 Lab study SAl Vials 37°C 5 weeks Protein structure Amorphous agglomerates (both at 4 °C
1Al and 37 °C)
No changes in chemical stability
Vimalavathini ~ Lab study SAl Vials 37°C 28 days Insulin potency SAl: -18%
2009 Ml IAl: -14%
Delbeck Lab study 1Al Cartridges 37°C 10 weeks Protein structure Small changes
2021a
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Table 3. Overview of data from study publications (continued)

Kongmalai Lab study 1Al Pens 37°C 28 days Insulin potency -1.5% to +0.7%
2021
Shnek 1998 Lab study SAl, I1Al, Ml Cartridges 25-37°Cb 28 days Insulin potency Within specifications
37°Cc Visual changes (agglomerates)
Dunbar 1986 Lab study SAl Prefilled sy- 4°C 14 days Insulin potency No changes
ringes
Koffler 1992 Lab study SAl, 1Al Prefilled sy- 4°C 10 days Sterility No signs of bacterial growth
ringes
Lull 2013 Lab study SAl Prefilled sy- 5°C 28 days Insulin potency 93.3% (SD 2.4) AUC
ringes
Tarr 1991 Lab study SAl Prefilled sy- 23°C 28 days Insulin potency SAl: -1.9% to +1.7%
1Al ringes N IAl: +0.7% to +4.7%
MI Sterility MI: -1.0% to -1.7%

No microbial growth

dAll insulin activity data refer to baseline (time zero). According to US Pharmacopeia (USP) human insulin should have a potency of 95% to 105% of the potency stated on the
label, expressed in USP insulin human units/mL, i.e. human insulin labelled '100 U/mL' has to contain 95 U/mL to 105 U/mL of insulin

bOscillating temperatures
¢Continuous temperature
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AUC: area under the curve; Cl: confidence interval; CV: coefficient of variation; IAl: intermediate-acting insulin; IU: insulin unit; MI: mixed insulin (short-acting + intermediate-
acting insulin); SAl: short-acting insulin; SD: standard deviation; U: unit.
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Table 4. Mean blood sugar levels in rabbits after intraperitoneal administration of regular human insulin stored at

different temperatures for 24 days

Novo Nordisk human insulin (mean mg/dL (SEM))

5°C 25°C 26°C 32°C 37°C
0 min 104.6 (1.5) 105.3 (1.3) 105.1 (1.1) 107.6 (1.2) 105.8 (1.4)
15 min 77.6 (1.1) 77.5(1.0) 77.6 (1.6) 79.6 (1.8) 80.8 (1.8)
30 min 54.6(1.2) 54.6(1.3) 54.8 (1.1) 56.8 (1.5) 59.3 (1.1)
60 min 53.5(1.2) 53.5(1.2) 53.6 (1.4) 58.5(0.8) 60.8 (1.3)
Eli Lilly and Company human insulin (mean mg/dL (SEM))
0 min 102.6 (1.5) 102.6 (2.3) 103.3(1.5) 102.5 (1.9) 102.1(1.9)
15 min 78.6 (1.1) 78.5(1.2) 78.6 (1.8) 79.3(1.1) 80.3 (1.1)
30 min 54.6 (1.6) 54.8 (1.6) 54.8 (1.5) 58.1(1.4) 59.8 (1.3)
60 min 55.1(1.5) 55.1(1.3) 55.0 (0.9) 60.3 (1.2) 62.8(1.2)
BIOCON human insulin (mean mg/dL (SEM))
0 min 102.8 (1.0) 103.3(1.0) 102.6 (1.9) 104.1(1.3) 102.1(1.4)
15 min 78.6 (1.2) 78.8 (1.0) 78.8 (1.3) 80.5 (1.6) 81.3(1.9)
30 min 55.5(1.5) 55.5(1.6) 55.6 (1.2) 57.8(1.1) 59.5(1.1)
60 min 54.0 (1.4) 54.0 (1.2) 54.6 (1.4) 60.3 (1.1) 63.0 (1.1)

Data from table in Vimalavathini 2009.
min: minutes; SEM: standard error of the mean.

Thermal stability and storage of human insulin (Review)

Copyright © 2023 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.

69



“p¥7 ‘suos 13 A31IM uyor Aq paysiiqnd ‘uoneioqe|jod aueyd0) ay L £207 @ y3uAdod

(ma1nay) unnsui uewny jo aSe103s pue AMjiqels jewniay L

oL

Table 5. Stability of human insulin formulations in plastic syringes

Temperature Initial concen- Stability of human insulin in plastic syringes: % initial concentration remaining (mean + SD)

tration (units/

mL) (mean+SD)  pay1 Day 3 Day 7 Day 14 Day 21 Day 28
Short-acting human insulin (Humulin R)
T(4°C) 100.0+4.3 101.3+0.8 100.3+1.5 102.1+2.8 100.8+3.3 101.6+1.7 98.5+3.4
P (4°C) 100.0+£0.8 102.3+4.0 104.6 £4.3 101.0+£2.0 99.2+0.8 101.9+1.2 100.6 £1.1
T(23°C) 100.0+4.3 101.4+2.1 103.0+£1.5 100.1+1.2 97.4+19 101.6+£1.7 101.7+2.8
P (23°C) 100.0+0.8 99.8+0.4 102.1+3.8 100.0+2.9 100.2+3.0 100.0+0.4 98.1+£5.2
Intermediate-acting isophane human insulin (Humulin N)
T(4°C) 100.0+1.1 100.1+1.4 102.8+2.6 101.4+2.4 99.4+3.0 101.1+2.0 101.0+£2.3
P (4°C) 100.0+1.7 100.6+1.4 104.4+2.5 105.0+0.4 99.8+1.9 101.4+4.0 102.5+3.6
T(23°C) 100.0+1.1 105.0+3.8 102.3+£3.9 99.2+4.0 102.3+2.3 98.9+3.2 100.7+£2.3
P (23°C) 100.0+£ 1.7 103.4+£2.5 102.6+£1.3 102.6+2.4 100.6£2.3 98.2+2.1 104.7+£3.6
Mixed human insulin: short-acting human insulin + intermediate-acting human insulin (Humulin N/R 70/30)
T(4°C) 100.0 £ 3.0 97.7+£5.2 100.6 £2.8 100.0+£5.2 100.9+7.5 97.1+£2.7 99.8+3.1
P (4°C) 100.0+4.1 98.6 £4.0 102.0£50 100.7+38 104.8+6.3 100.0+£5.8 102.4+2.5
T(23°C) 100.0 £ 3.0 102.2+3.8 103.7+3.6 98.3+4.8 989+2.8 98.7+4.9 99.0+1.8
P (23°C) 100.0+£4.1 99.9+2.5 102.6+2.4 101411 101.4+1.6 98.3+34 98.3+2.9
Extemporaneous mixed insulin: intermediate-acting human insulin + short-acting human insulin (Humulin N/R 70/30)
T(4°C) 100.0£4.0 99.5+2.9 102.8+3.8 101.6 £3.9 102.4+5.4 98.6+2.4 102.6 £4.4
P (4°C) 100.0+2.8 100.2+2.3 100.2+1.9 97.4+45 99.3+6.6 96.2+3.8 99.6+3.2
T(23°C) 100.0+£4.0 102.2+£5.2 101.0+£4.2 98.3+7.2 103.7+£6.6 96.9+2.5 100.7+£2.2
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Table 5. Stability of human insulin formulations in plastic syringes (continved)
P (23°C) 100.0+£2.8 100.7+£2.8 101.5+£4.8 100.0+£4.0

1025+5.6

100.5+6.0

102.8+3.0

Data from table 1 in Tarr 1991
P: Plastipak (polypropylene); SD: standard deviation; T: Terumo (propylene-ethylene copolymer).
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APPENDICES

Appendix 1. Additional information on insulin

Human insulin is a two-chain (chain A with 21 amino acids, chain B with 30 amino acids) small hormone or polypeptide with a complex
tridimensional shape generating so-called secondary and tertiary structures of insulin. Insulin potency is expressed as units of biological
activity such as US Pharmacopeia (USP) units, insulin or international units (IU), ug of activity/g or mg. By convention, one (USP) human
insulin unitis equivalent to 0.0347 mg of pure human insulin. The potency of insulin in units (U) per millilitre (U/mL) describes the quantified
blood glucose lowering of insulin per volume. Insulin preparations are standardised and are listed as concentrations, e.g. 40, 100 or 500
insulin units/mL of solution or suspension, denoted as U-40, U-100 and U-500, respectively. It is important to note that syringes have to
correspond to insulin concentrations: e.g. one cannot use U-100 syringes when using a U-500 insulin product. The injection of 50 units
U-100 means a volume of 0.5 mL, and injection of 50 units U-500 means a volume of 0.1 mL.

NPH (neutral protamine Hagedorn) insulin or isophane insulin is an intermediate-acting insulin. Mixtures of human insulin contain both
short-acting (regular) and intermediate-acting insulin, defining a ratio of the two components. In Europe, regular insulin is listed first, e.g. a
30/70 mix would indicate 30% short-acting insulin and 70% intermediate-acting insulin. In the US, the ratio is defined as the intermediate-
acting component to the short-acting component (e.g. a 75/25 mix would indicate 75% intermediate-acting insulin and 25% short-acting
insulin). According to pharmacopoeias (a country's legally binding collection of standards and quality specifications for medicines used),
the isotonic, sterile solution of human insulin in water for injection has a potency of 95.0% to 105.0% of the potency stated on the label,
expressed in USP insulin human units/mL (USP 2016). Therefore, an insulin vial labelled '100 U/mL" has to contain 95 U/mL to 105 U/mL
of insulin.

Human insulin, if manufactured by recombinant DNA (rDNA) technology in living cells, inevitably contains host cell DNA which needs to
be cleared as much as possible. Also, microbial contamination must be minimised. With reference to bacterial endotoxins there should
be no more than 80 USP endotoxin units per 100 USP human insulin units. Purity of human insulin is evaluated by (reversed-phase) high-
performance liquid chromatography ((RP-) HPLC). There are several degradation products of insulin, e.g. bioactive A-21 desamido insulin
and B-3desamidoinsulin. According to 2021 USP criteria, the upper limit of A-21 desamido insulin is 2% and that of total impurities no more
than 2% excluding A-21 desamido insulin. During storage, high-molecular weight proteins (HMWP) may form inducing dimers between
two insulin molecules. At higher temperatures, higher order insulin oligomers develop. The biopotency of HMWP is significantly less than
monomeric insulin. The upper limit for HMWP formation is 1%.

Adding zinc cations, phenol or its derivatives such as metacresol reinforces the hexameric form to increase insulin stability and ensure
sterility. In insulin injections (solutions or suspensions) the total amount of zinc should be no more than 40.0 pg per 100 IU of human
insulin. However, a transition from the hexamer to the monomer form in the body is necessary to exert the physiologically fast effect of
insulin monomers. Therefore, it is difficult to achieve optimal insulin stability and efficacy at the same time.

Insulin aggregation may lead to a loss in insulin potency and pronounced aggregation may induce insulin fibrils. Fibrillar insulin consists of
partially unfolded monomers but is relatively thermoresistant and does not precipitate even at 100 °C (Arora 2004). However, shear stress
(shaking or stirring an insulin suspension) causes rapid fibrillogenesis (Huus 2005). The physical stability of human insulin is assessed
by visual inspection for macroscopic changes, microscopy and various particle-sizing techniques. Physical changes in soluble insulin are
detected by changes in colour or clarity or formations of precipitates. Insulin suspensions are more susceptible to changes in physical
stability and aggregates in suspensions may cause visible clumping.

With the help of in-vitro cellular assays such as insulin receptor-expressing hepatic HepG2 cells, it is nowadays possible to investigate the
physiological activity or bioactivity of insulin (Calo 2016; Kaufmann 2021).

Appendix 2. Search strategies

PMIDs (PubMed-IDs) of 24 relevant references used to develop the search strategies (Ovid syntax)

(5039832 or 5668013 or 9811506 or 11044282 or 15111554 or 16101301 or 16969698 or 18463345 or 19217734 or 19797814 or 20687866 or
20920435 or 22538135 or 24246357 or 24876429 or 27472257 or 30815830 or 31009254 or 31994414 or 32281880 or 33259116 or 33534816
or 12941735 or 29114035).ui.

Cochrane Central Register of Controlled Trials (Cochrane Register of Studies Online)
1. MESH DESCRIPTOR Drug Stability

2. MESH DESCRIPTOR Drug Storage

3. MESH DESCRIPTOR Tropical Climate

4. MESH DESCRIPTOR Thermodynamics

5.#1 OR#2 OR#3 OR #4
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6. MESH DESCRIPTOR Insulin

7. insulin*:TI,AB,KY

8. #6 OR #7

9. #5 AND #8

10. ((temperature* OR stability OR storage OR thermostab* OR heat*) ADJ12 insulin*):TI,AB,KY
11. #9 OR #10

MEDLINE (Ovid)

1. (Drug Stability/ or Drug Storage/ or Tropical Climate/ or Thermodynamics/) and insulin*.mp.
2. ((temperature* or stability or storage or thermostab* or heat*) adj12 insulin*).tw.

3.1or2

CINAHL (EbscoHost)

1. MH "Drug Stability"

2. MH "Drug Storage"

3.S10RS2

4. MH "Insulin"

5. Tl (insulin*) OR AB (insulin*)

6. 54 OR S5

7.S3 AND S6

8.TI((temperature* OR stability OR storage OR thermostab* OR heat* OR thermodynamic* OR climate*) N12 insulin*) OR AB ((temperature*
OR stability OR storage OR thermostab* OR heat* OR thermodynamic* OR climate*) N12 insulin*)

Science Citation Index Expanded (Web of Science)

AB=(("tropical climate" OR thermodynamic* OR temperature* OR stability OR storage OR thermostab* OR heat*) NEAR/12 insulin*) OR
TI=(("tropical climate" OR thermodynamic* OR temperature* OR stability OR storage OR thermostab* OR heat*) NEAR/12 insulin*)

WHO Global Index Medicus

Title: (insulin* AND (tropic* OR thermodynamic* OR temperature* OR stability OR storage OR thermostab* OR heat* OR hot OR thermal
OR environment* OR climate*))

WHO ICTRP Search Portal (Standard search)
insulin* AND (tropic* OR thermodynamic* OR temperature* OR stability* OR storage* OR thermostab* OR heat* OR climate* OR thermal*)
ClinicalTrials.gov (Advanced search)

Title/Acronym: insulin AND (tropical OR tropics OR thermodynamic OR thermodynamics OR temperature OR temperatures OR stability OR
storage OR thermostability OR heat OR hot OR thermal OR environment OR environmental OR climate OR climates)

Appendix 3. Survey of study investigators providing information on included studies

Study ID Author(s) confirmed willingness to answer  Author(s) provided additional
questions, if necessary data
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Al Shaibi 1999 No reply —

Baechler 2020 Yes No supplementary information
necessary

Delbeck 2021a Yes Yes

Dunbar 1986 No reply —

Gregory 1991 No contact possible —

Kaufmann 2021 Yes Yes

Koffler 1992 No contact possible —

Kongmalai 2021 Yes Yes

Lull 2013 No reply —

Moses 2019 No reply —

Pendsey 2023 Not contacted —

Schrader 1985 No contact possible —

Shnek 1998 No reply —

Silva 2013 Yes No supplementary information
necessary

Silva-Jr 2022 Yes No supplementary information
necessary

Tarr 1991 No contact possible —

Vimalavathini 2009

No reply
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