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Abstract

Current management of chronic kidney disease (CKD) in type 1 diabetes centres on glycaemic control, renin—angio-
tensin system inhibition and optimisation of risk factors including blood pressure, lipids and body weight. While these
therapeutic approaches have significantly improved outcomes among people with type 1 diabetes and CKD, this popu-
lation remains at substantial elevated risk for adverse kidney and cardiovascular events, with limited improvements
over the last few decades. The significant burden of CKD and CVD in type 1 diabetes populations highlights the need
to identify novel therapies with the potential for heart and kidney protection. Over the last decade, sodium—glucose
cotransporter-2 inhibitors, glucagon-like peptide 1 receptor agonists and non-steroidal mineralocorticoid receptor
antagonists have emerged as potent kidney-protective and/or cardioprotective agents in type 2 diabetes. The consistent,
substantial kidney and cardiovascular benefits of these agents has led to their incorporation into professional guide-
lines as foundational care for type 2 diabetes. Furthermore, introduction of these agents into clinical practice has been
accompanied by a shift in the focus of diabetes care from a ‘glucose-centric’ to a ‘cardiorenal risk-centric’ approach.
In this review, we evaluate the potential translation of novel type 2 diabetes therapeutics to individuals with type 1
diabetes with the lens of preventing the development and progression of CKD.
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ERA Endothelin receptor antagonist
ESKD End-stage kidney disease

GIP Glucose-dependent insulinotropic polypeptide
GLP1 Glucagon-like peptide 1

GLP1-RA Glucagon-like peptide 1 receptor agonist

HF Heart failure

hsCRP High-sensitivity C-reactive protein
MACE Major adverse cardiovascular events
MRA Mineralocorticoid receptor antagonist

NO Nitric oxide

RAS Renin—-angiotensin system

sGC Soluble guanylate cyclase

SGLT2i Sodium—glucose cotransporter-2 inhibitor(s)
UACR Urine albumin to creatinine ratio

Burden of chronic kidney disease in type 1
diabetes: an unmet clinical need

Similar to type 2 diabetes, hyperglycaemia in type 1 diabetes
increases the risk of end-organ damage, including chronic
kidney disease (CKD). CKD can be classified and prognos-
ticated using eGFR and albuminuria (quantified using the
urine albumin to creatinine ratio [UACR]) [1]. The relative
risks of complications, including progression of CKD to
end-stage kidney disease (ESKD), CVD and mortality, are
increased with both reduced eGFR and elevated UACR lev-
els [1]. The prevalence of CKD in type 1 diabetes increases
with diabetes duration, with approximately 33% and 25% of
adults developing albuminuria and eGFR <60 ml/min per
1.73 m?, respectively, after >40 years of diabetes; overall,
the lifetime risk of ESKD is 10-30% [2, 3]. Notably, there
was a decrease in the cumulative incidence of severe albu-
minuria in individuals diagnosed with type 1 diabetes in
the 1980s compared with those diagnosed in the 1970s in
Finland, although no further improvement was apparent in
the 1990-1999 diagnosis cohort [4]. This study also showed
that, from the onset of recurrent albuminuria screening in
1980 until 2020, the cumulative incidence of moderate
albuminuria had shown no signs of decrease. The decrease
between the 1970s and the 1980s coincided with the emer-
gence of renin—angiotensin system (RAS) blockers, but the
conspicuous lack of further improvements after the 1980s
highlights the need for additional kidney-protective medica-
tions [4]. In a similar analysis of the Swedish National Dia-
betes Register, a decreasing trend in standardised incidence
rates of diabetic nephropathy in people with type 1 diabetes
was observed from 2001 to 2019, with no changes in the
rates of ESKD over the same period [5]. Additionally, CVD
remains a leading cause of morbidity and mortality in type
1 diabetes. Compared with matched controls, individuals
diagnosed with type 1 diabetes between 0 and 10 years of
age have a nearly 30 times increased risk of coronary heart
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disease, with greater than seven times the risk of cardiovas-
cular death [6].

While the prevalence of CVD is similar in individuals
with type 1 diabetes and those with type 2 diabetes, the
risk of CKD may be greater in those with type 1 diabetes.
Following age stratification, the risk of CKD was 1.4- to
3.0-fold higher in individuals with type 1 diabetes at all
ages than in those with type 2 diabetes [7]. Additionally,
in Scandinavian cohort studies, event rates of heart failure
(HF), stroke, incident CKD and ‘cardiorenal’-related death
were higher in type 1 diabetes than in type 2 diabetes [7].
Consistent with these results, age-, sex- and socioeconomic
status-adjusted data from national Scottish registries demon-
strated that incident HF hospitalisations were higher among
those with type 1 diabetes than those with type 2 diabetes
[8]. Importantly, underuse of therapies directed at heart and
kidney protection was noted in individuals with type 1 dia-
betes compared with those with type 2 diabetes in the Scan-
dinavian cohort [7]. Fewer people with type 1 diabetes than
type 2 diabetes were on CVD medication (53.9% vs 82.1%),
ACE inhibitors (22.5% vs 32.0%) and angiotensin receptor
blockers (ARB) (16.7% vs 31.3%).

The significant burden of CKD and CVD in type 1 diabe-
tes highlights the need to identify novel therapies with the
potential for heart and kidney protection. Although signifi-
cant therapeutic advances have been made for people living
with type 2 diabetes, similar benefits have yet to be achieved
in those with type 1 diabetes. In this review, we evaluate the
potential translation of novel type 2 diabetes therapeutics to
individuals with type 1 diabetes with the lens of preventing
the development and progression of CKD.

Mechanistic underpinnings of CKD
in diabetes

The development and progression of CKD in diabetes is
driven by metabolic and haemodynamic factors, which con-
tribute to endothelial dysfunction and activation of inflam-
matory and pro-fibrotic pathways [9, 10]. These processes
interact with one another in a pathological feed-forward
cycle, ultimately yielding functional and structural kid-
ney abnormalities characteristic of diabetic kidney disease
(DKD) (Fig. 1).

Persistent hyperglycaemia induces deleterious changes in
kidney cellular metabolism and function through a variety
of mechanisms. Hyperglycaemia differentially affects energy
metabolism across kidney cell types, for example impeding
glycolysis in glomerular epithelial cells (where glucose is
the preferred energy substrate) while enhancing glycolysis
in proximal tubular epithelial cells (which typically rely on
fatty acid oxidation) [11]. Changes in glucose metabolism
culminate in endothelial dysfunction and the activation of
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KIDNEY DISEASE PROGRESSION IN DIABETES

Fig. 1 Mechanisms underlying kidney disease progression in diabe-
tes. Processes contributing to kidney disease progression in diabetes
are summarised in the blue boxes. Pharmacological agents targeting

downstream inflammatory and pro-fibrotic pathways involv-
ing immune cell recruitment and TGF-f1 production. These
changes are also accompanied by mitochondrial dysfunction,
impaired autophagy and oxidative stress. Additionally, non-
enzymatic binding of glucose to circulating proteins results
in generation of AGEs. AGEs cause injury by binding to
AGE-specific receptors and alteration of cellular structures
and protein metabolism, augmenting inflammation and oxi-
dative stress [12].

Haemodynamic factors, RAS overactivation and hyper-
tension are central to CKD development and progression
in diabetes. Diabetes-associated excess kidney tissue RAS
activation increases angiotensin II-mediated glomerular
efferent arteriolar vasoconstriction and glomerular hyper-
filtration, tubular sodium reabsorption, and signalling
through intracellular pathways, resulting in inflammation
and oxidative stress [13]. Additionally, angiotensin II con-
tributes to endothelial dysfunction by inducing expression
of vascular endothelial growth factor and increasing reactive
oxygen species, which reduce the bioavailability of vasodi-
lators (such as nitrous oxide) responsible for maintaining
normal glomerular vascular tone [14]. Hyperglycaemia also
disrupts tubuloglomerular feedback, causing afferent arteri-
olar vasodilation and exacerbating glomerular hyperfiltra-
tion. Excess aldosterone, in addition to increasing tubular
sodium reabsorption, activates inflammatory and pro-fibrotic
pathways and promotes vascular remodelling [15]. Elevated

these processes are shown in the green boxes. ERA, endothelin recep-
tor antagonist; sGC, soluble guanylate cyclase. This figure is avail-
able as a downloadable slide

systemic blood pressure, exacerbated by RAS activation and
transmitted to the glomerular capillary system in the con-
text of impaired autoregulation, further worsens glomerular
endothelial injury and dysfunction.

Together, the combined outcomes of these metabolic and
haemodynamic factors and their downstream inflammatory
and pro-fibrotic effects result in glomerular and tubular
injury, amounting to clinical and histopathological disease.
This manifests as progressively worsening albuminuria
and eGFR decline, with glomerular mesangial expansion,
podocyte effacement, segmental glomerulosclerosis and
tubular injury, which progress to diffuse glomerular and
tubulointerstitial fibrosis [10].

Current pharmacological treatment
landscape

Current management of CKD in type 1 diabetes centres on
glycaemic control, RAS inhibition and optimisation of risk
factors including blood pressure, lipids and body weight [1,
16]. Insulin-based glycaemic control is the pharmacological
cornerstone in type 1 diabetes and delays the onset and pro-
gression of kidney disease. The benefits of intensive insulin
therapy for kidney and other microvascular complications,
cardiovascular outcomes and mortality in adults with type 1
diabetes were comprehensively demonstrated in the DCCT/
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EDIC study [17]. In DCCT, participants were randomised
to either intensive or conventional insulin therapy (achiev-
ing a median HbA,_ level of 7% vs 9% [53 vs 75 mmol/
mol], respectively) and followed for a mean of 6.5 years.
In the observational follow-up study EDIC, all participants
were encouraged to attempt intensive glycaemic control and
were followed for >15 years. Intensive therapy resulted in
a reduced risk of albuminuria and eGFR decline, extending
beyond the randomisation period, indicating the importance
of early glycaemic control in preventing long-term adverse
kidney outcomes [18].

RAS inhibition using an ACE inhibitor or an ARB is rec-
ommended for adults with type 1 diabetes and albuminuria,
with numerous placebo-controlled trials demonstrating a
reduced risk of albuminuria progression and eGFR decline
independent of blood pressure-lowering effects [19, 20].
Overall, in adults with type 1 diabetes and CKD, RAS inhi-
bition reduces the risks of progression of microalbuminuria
to macroalbuminuria by approximately 50% and of serum
creatinine doubling by 20-30% [21]. However, RAS inhibi-
tion has not yet been found to prevent kidney disease among
those with type 1 diabetes, normal blood pressure and with-
out albuminuria, and also does not prevent the progression
of histological changes associated with DKD at the early
stage of disease [22].

Hypertension is highly prevalent in individuals with CKD
and contributes to disease progression. Blood pressure man-
agement is important for reducing the risk of kidney disease
and CVD in type 1 diabetes, with 2023 ADA guidelines
recommending a target goal of <130/80 mmHg [16]. Hyper-
lipidaemia treatment and weight loss are additionally part of
foundational type 1 diabetes care.

While glycaemic control, RAS inhibition and risk factor
management have significantly improved outcomes among
people with type 1 diabetes and CKD, this population
remains at substantial elevated risk for adverse kidney and
cardiovascular events. In the aforementioned RAS inhibition
trials, 20-40% of participants randomised to ACE inhibi-
tors or ARBs still experienced the primary kidney endpoint
[19, 20]. More recently, in the PERL trial of adults with
type 1 diabetes and CKD, iohexol-based GFR declined by
~3 ml/min per 1.73 m? per year, despite 90% of participants
using RAS inhibitors [23]. Treatment strategies for type 1
diabetes and CKD have remained largely unchanged over the
last 30 years, with RAS inhibitors introduced in 1993. There
is therefore a critical need for the development and imple-
mentation of novel therapies that not only address residual
kidney and cardiovascular risk in this population but also
target metabolic, haemodynamic, inflammatory and pro-
fibrotic processes that contribute to kidney disease onset and
progression. Concurrently, more sensitive screening meth-
ods and biomarkers for DKD are warranted, considering
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the limitations of albuminuria and eGFR in detecting early
disease.

Pharmacological advancements in type 2
diabetes and CKD and translation to type 1
diabetes and CKD

Over the last decade, sodium—glucose cotransporter-2 inhibi-
tors (SGLT21i), glucagon-like peptide 1 receptor agonists
(GLP1-RAs) and non-steroidal mineralocorticoid receptor
antagonists (MRAs) have emerged as potent kidney- and/
or cardioprotective agents in type 2 diabetes. The consist-
ent substantial kidney and cardiovascular benefits of these
agents has led to their incorporation into professional guide-
lines as foundational care for the management of CKD in
type 2 diabetes [1, 24]. Furthermore, introduction of these
agents into clinical practice has been accompanied by a
shift in the focus of diabetes care from a ‘glucose-centric’
to a ‘cardiorenal risk-centric’ approach. However, SGLT2i,
GLP1-RAs and non-steroidal MRAs have yet to be inte-
grated into standard type 1 diabetes practice because of their
limited availability or absence of clinical trial data in this
population. In the following sections we discuss the potential
for translation of SGLT2i, GLPA1-RAs and MRAs to people
living with type 1 diabetes and CKD (Table 1, Fig. 1).

Sodium-glucose cotransporter-2 inhibitors SGLT2i block
kidney proximal tubular sodium—glucose cotransport and
were initially used as glucose-lowering agents. SGLT2i have
consistently demonstrated kidney and cardiovascular ben-
efits in people with type 2 diabetes across numerous large
randomised placebo-controlled clinical trials evaluating pri-
mary kidney and cardiovascular clinical outcomes [25]. The
dedicated kidney outcomes trials include the CREDENCE
trial, conducted in adults with type 2 diabetes and CKD,
and the DAPA-CKD and EMPA-KIDNEY trials, conducted
in adults with CKD and including people with and without
type 2 diabetes [26-28]. In each of these studies, SGLT2i
were associated with a ~30-40% reduction in the risk of
eGFR decline, progression to ESKD or death due to kidney
or CVD.

The mechanisms by which SGLT2i exert their kidney-
protective effects are multifactorial, related to their meta-
bolic, haemodynamic and anti-inflammatory effects [29].
In addition to improving glycaemic control and inducing
weight loss, SGLT2i may ameliorate hyperglycaemia-related
kidney cell-specific changes in energy metabolism, thereby
modulating mitochondrial function and autophagy [29].
SGLT?2i also have prominent haemodynamic effects, normal-
ising tubuloglomerular feedback and reducing glomerular
hyperfiltration by increasing distal tubular sodium delivery.



Diabetologia (2024) 67:3-18

700°0=d ‘SHWW G'¢— 20UIJIP :0qade[d sa Sw (Of UIZOPI[SLIOS @
1$)[09M §7 1 uononpar anssaid JgS uesj
1000>d IV ®
(%6'6—) snun g'g— :[eseq o
(%€T1-) siun g'g— isnjog e
(%L'6—) siun ¢'G— :Je10 K[Tep uea e
1S)ooM § 18 (Pa3oal
-100 0qaoe[d) 3w ()t UIZOPI[FLIOS YIIM QUI[ASeq WOIJ SUOTIONPAI UINSu]
100°0>d ‘SY 86'C— 2ouaIayIp :0qade[d sa Sw (O urzogrSelos e
1$)[0aM §7 18 uononpaI JYSIom UBSA
100°0>d o
(Tow/jowrtr 9°¢—) %E€'0— :0qae[J o
(Towy/[ourr 9°8—) %6L°0— 5w OO UIZOPI[SeIos

$99M T 10] (€0L=1)

:S)oam ¢ 18 uononpal *lyqy ues|  0gaderd 1o (669=u) Kep/Sw (Ot urzogiseios

100°0>d ‘(P11 “T1°€—) B TI'¢— ‘3w (0f UIZOPI[Selos e
100°0=d “(69°0— ‘0LC—) 34 0L’ 1— :3w Q0T UIZOYI[SEIOS ®
MM@DB Nm
e On_ooﬁm Uﬁm sjuauajea) coo\xﬁoﬁ ssewx um.w E OOﬁo‘Bt% QU o&mmv UBIN
76 Joom :mso&.ﬁ S109)J9 paureisnsS e
oqooe[d sa 100'0>d [TV @
([¥e—
‘6'p—] 1owyoww 7'p—) (1€°0— ‘SH'0—) %8E0— 3w (0f UIZOPI[SeI0S o
([ze—
‘g'p—] [owyoww 6°¢—) (6Z°0— ‘v¥'0—) %9€0— 3w OOT UIZOPI[SeI0S o
:sPam 7 18 uononpar *yqH (1D %$6) UWedN

SYoaMm 7§
10§ (976=u) oqaoeld 1o (ggG=u) Aep/Sw
00% 10 (ygg=u) Aep/Sw OO UIZoyrSeIos

L g7 3ed unwy[u 6H2 A0
%0 11-0°L "'VaH
(10K

[< sisouSeIp) sojoqeIp [ odA) yim s)npy [+€] cwopueur

%0 11-0°L °'VIH
(Teok 1< stsouerp)
sajeqerp 1 2dK) ynm (s1eak g1<) sInpy

[¢¢] (pajood)
C pue Jwopueul

ITOS

sgurpurg

JuaUIBAI],

310709 juedronieq Apmgs

$90qeIp | 2dA) YIA S[enpIAIpUL U SYYIA PUE SYH-1dTO ‘TCI IS JO SAIpMs [ed1ur]o 109[0s jo Arewwng | 3jqeL

pringer

a's



Diabetologia (2024) 67:3-18

(S0°0— “¢¥'8—) SHWW $¢H— :Sw o[ urzoyrSede( o
(1€°0— ‘9L'L—) SHwW g/ ¢— :Sw ¢ urzopiSede( o
1$y0am 76 18 0qaoe[d SA QOUAIAHIP JgS UBSIA
(0€°6— ‘€1 v1—) %SL 11— Bw Q[ urzogiSede( o
(LO'L=‘T0°TT—) %LS 6~ :Sw G urzoyrSedey
1$Y0om 76 18 0qaoe[d SA 9OUIQJJIP SSOP UINSUI UBIA]
3 $4°0 :0qo0€[d @
3 ¢ ¢— Sw 1 urzopgrSede(y o
3Y LGz~ 8w ¢ uizoyiSedeq e
1SYOaM TG 1B 90UIYIp JyStom Apoq UBSAl
([zz—
‘Sp—1 Towyjowt ¢°¢—) (00— ‘1+'0—) %0€0— :Sw [ urzoyrsede o
(L 1-
‘0"p—1 1owy/oww 8°7—) (91°0— ‘LE'0—) %970~ 3w ¢ urzoyrsede o
:s300Mm 76 8 0qaoe[d sa aouaralIp *'vqH (ID %S6) UBSIA
S0'0>d 1V @
SHww /°¢— 3w ¢z urzopidedwy e
SHuww g ¢— :Sw ] urzogrSedwy e
SHuw 17— 3w ¢'g urzogiSedwy o
1$y0om 97 1 9Suryd JgS UBSA
1000°0>d 11V ®
%L T1— 8w Gz urzogrseduwy o
%€ ¢€1— 3w Q] urzoyrSedwy o
%t'9— :Sw ¢z uizoyiSedwy o
:$Y09M 97 Je 93uBYD 9SO UI[NSUT A[IEp [2)0) UBIJA
1000°0>d 11V o
3Y ' ¢— 8w ¢z urzogrSedwy o
3y 0'¢— :Sw o urzogiSedwy e
3y §'1— 3w ¢z uizogrdedwy e
$Y0am 97 1 a3ueyd JySTom UBSJA

syoam

TS 10§ (zes=u) 0qaoeld 10 (99g=u) Aep
/3w [ Jo (8F¢=u) Kep/Sw ¢ uizoyrSedeq

[/1owu ¢z°0> opnded-D
%S01-¢"L°'VaH
syjuow g < J0J urnsut 3urye)
‘sojoqerp [ od4) im (s1eak ¢/—8T1) HINPY

[9¢] (patood)
T~ pue [-LDIdHd

"1000°0>4 11V ®
([9%—
‘T°L—] Towypour §°6—) (ZH°0— ‘S9°0—) %£S 0~ :8ur ¢ urzogrsedury o S399M 97 10 (TH¢=u) 0qade[d Jo
([9v—  (Spc=u) Kep/Sw ¢z 1o (8pg=u) Kep/Swi ] [/owu ¢z'0> apndad-5 Sunseq
L] Towy[ow 6°6—) (ZH'0— ‘§9°0—) %S0~ :Sw o urzoyrSedwyg o ‘([g=u) Kep/Sui ¢'g urzoyrSedws :¢c-gASVH AU gL T 1od uruy[ur 0E< YD
(91— S)o9M 7§ 10§ %0°01-$"L ""VaH
‘9p—] [owyjowr 1°¢—) (S1°0— ‘TH'0—) %8 0— 5w ¢z urzoynsedwyg o (¢yg=u) 0qade[d Io (yyg=u) Kep/Sw ¢z 1o (reak [s€] (pajood)
:SYoam 9T 1e momc.mao 2<Q: vvuombn—:wlonuoﬁm QU @mov UBIN Amvmﬂﬁv %mt\ma (0] EMNOESMNQEO CASVA ﬁN mﬂmocmwm—wv SajaqeIp | QQ\Q Ym SINpy ¢- pue ¢-4SVH
s3urpury juouIBAI], 310709 juedronieq Apmgs

(ponunuoo) | sjqey

pringer

Qs



Diabetologia (2024) 67:3-18

1000°0>d (£6°0 ‘98°0) 06°0 3w §°] Spnn[3eir] o
1000°0>d “(96°0 ‘06°0) £6°0 3w T'[ dpun[seir e
$L00°0=4 “(66°0 “76°0) $6°0 3w 9°0 SpHN[TeII] @

(1D %S6] WLA) S 97 12 0qooe]d sA IpRNISe] L SO UINSUI 210} JO Oney]

SN :Sw g1 opnn[enry e

€0°0=d ‘(89T ‘€0'T) 1’1 :Sw ¢'[ opunjSeiry e

SN 8w 9 opnn[Serry e
(1D %S6] AA) 0qaderd

SA 9pUN[SBI] YIIM SJUAD drdeoA[Sod Ay onewoidwAs jo el Jo oney

1000°0>d 11V ®

3 7°0— :0qooe[] @

3y 1°6— 3w §'T opun[3eIrT e

3y 0'p— :Swr 7’1 opun[3eIry e

3y ¢'g— 3w 9°Q opnn[3eIrT e

197 YooMm 0} auT[eseq woij Jy3rom Apoq ur aduey))
10000>4 ([T~

‘6"¢—] rowy/jowwr 8'¢—) (0Z°0— ‘05°0—) %SE€ 0~ 3w §° opun[3ery e
200°0=d “([60—

T =] Towypownw ¢'z7—) (800~ ‘8€°0—) %E£T0— :SW T'[ opun[Seiry e
100°0=d “([1'1—

‘€p—1 1owyoww 9°z—) (01°0— ‘6£°0—) %¥T0— 3w 9°() pun[3eIr] o

([1D %S6] ALA) M TG 18 saSuryd 'yqy pajoenqns-0qaoe[d

1000°0>d (96°0 ‘88°0) T6'0 :Sw §° SpunN|3elr] e

§10°0=d “(66'0 ‘16'0) $6°0 :SwI 7'T opun[seir e

96'0=d ‘(#0'T ‘96°0) 00'T :Sw 9°( opuN[Seir e

(1D %56] MLH) $¥eaM 76 2 0qa0e]d sA 3pnn[Sen] Y 350p unsul [e10} Jo oney

800°0=4 ‘(65" ‘LO'T) 1€’ 3w §°] apnn[3eiry e
20°0=d “(SS'T ‘€0'1) LT'T :Sw 7' opunjSeiry e
11°0=d “(€¥'1 “L6°0) L1°1 3w 9°( dpun[3eir e
([1D %S6] gya) ogeoerd
SA 9pUN[SBII] YIIM SJUAD drwdeoA[3odAy onewoidwAs jo djer Jo oney
1000°0>4 IV @
(TH—‘L'S—) BN 6'p— :Sw g'[ opnnj3eiye
(87— ‘¢'y—) Y 9¢— Sw '] opun[seary e
($'1—‘6'C—) 3 ¢'¢— :Sw 9'Q opnn[Seiry e
([1D %S6] ALA) y3em Apoq ut d3ueyd pajoenqns-0qade[d

2000=d ‘(80—

‘¢"¢—] rowyjowt 7'z—) (LO'0— ‘TE0—) %T'0— 5w §'[ 9pnn[Seiy e
200=d ‘([¢'0—

‘0"¢—] rowyoww 9' 1) (€0°0— ‘LZ°0—) %S1°0— 3w 7' spun[Seiry e
e1'o=d ([g'0—

‘¢'z—] rowypoww ['1—) (€0°0 ‘12°0—) %10~ 3w 9 opun[3ery e

$399m 9 10J (Lyg=u)
oqooed 10 (9p¢=u) Aep/Swr §'T 10 (9pg=u)

Aep/3w 7°1 ‘(0S¢=u) Aep/Sw 9°() opnN[TeIr]

$3{00M 9 10§ (Lyg=U)
oqooed 10 (9pg=u) Kep/Su g 10 (9yg=)

AU/3N0C< ING
%0°01-0'L ' VaH
SYIUOW ¢ ISBI[ J& JOJ 9SOp UI[nSul
9[qeIS B puE SYjuowW 9< Joj ulnsur Suner,
sajeqerp 1 adK) ynm (s1eak g1<) sInpy

/BN 0C< TNE
%0°01-0'L *'V4H
sypuow 9 J0j urnsut Jurye],
(s1a
210Joq SYIUOW [ < PIsOu3eIp A[[eorur|o)

[¥S] OML LONNIAV

(1D %S$6] ALA) $399Mm TG 18 saSueyd *'yqH parwenqns-0qadeld  Aep/Sw 7' “(0Sg=u) Aep/3w 9°0 opunjSerr]  sajoqerp [ od&) yum (sreak ¢/—81) sIMpY  [€6] ANO LONNIAY
SVI-1d1D
s3urpury juouIBAI], 310709 juedronieq Apmgs

(ponunuoo) | sjqey

pringer

a's



Diabetologia (2024) 67:3-18

10

SN=d ‘(T ‘9—) jw ¢/ T 1od Urwy/[w ¢— @
:0qaoerd
SA o:ouoﬁo:obn_w YIM YAD painseawa ut oocmﬁv.ﬁ% QU &mov UBIN
[Te 10§ 10°0>d ®
(¢— ‘L—) SHWwW ¢— :4dq ®
(€— T1-) SHww /— :dgS ®
:0qooe[d sa
o:ouoﬁocobmm :ﬁ? ainssaxd UOQ& oEﬁ%&U E OOﬁo‘ﬁtﬂb QU «&mmv UBIIN
[Te 10§ 10'0>d ®
(¢— ‘9-) SHWW $— :4gq ®
(z— ‘01—) SHWwW 9— :4gS @
:0qaoerd
SA o:ouoﬁocobmm QHMB ainssaxd ﬁooﬁn— ypgul uocuuo,t% QU o&mov UBIN
100°0>d (12— ‘Th—) %TE— :OOUIIYIP UBSW % ®
(6¥LY ‘01627) U ¥T/3W Q[ LE :0qE[] ®

(1€ “1€81) U H¢/3w O] $T :Sw Gz suojoe[ouosidg e
((ID %S6) eLINUIWNG[R JO UBIW JLIOWOAN)

SN=d (10 ‘L—) ;W ¢,'] od utwu/[ur ¢— o
:0qaoerd
SA Quojoe[ouoIIds YIIM Y IO PAINSBIW UT UAIPIP (1D %S6) UBIA
SN=d o
(70 ‘L—) SHWW ¢— :Jgd ®
(1 ‘L1-) SHWW §— :4gS o
:0qaoerd
sA suojoejouodids yim ainssald pooiq Y g ut duIHIP (1D %S6) UBSA
100°0>d (0~ ‘9t—) %SE— :IUAIYIP ULdW % @
(L1€ TT1) VO 4_01XL61 :0Q308d ®
(01T “8L) ™ 4_01X6T1 :Sw Gz suojoejouonds e
{(ID %S$6) 2ouRIRI[O UTWNG[R [RUOTIORIJ JO UBSW JLIOUIOIN)
100°0>d ‘(L1 ‘Ty—) %0E— :90UIOKIP UL % @
(90TT ‘+79) U p7/5ur 1€8 :0qade[] o

(678 ‘T) U +7/5w 8¢ :Swr Gz suopde[ouonds e
((ID %S6) eLNUIUNG]R JO UBSW JLIOWOID)

[oea syjuoul g 10j I19pIo wopuel ur oqaderd

pue Kep/3w ¢z ouojoejouoids 0) paudisse

syuedronaed ()z=u YIIm [eL1} IOAOSSOI)

oBa SYjuowW 7 I0J I3pI0 wopuel ur ogaderd

pue Kep/3w ¢z ouojoejouoads 0) paudisse

syuedronred gg=u YIIm [e11) IOAOSSOID)

[/loww G'4> winissejod ewise|d
@IJ-UOU YIIM JUS)SISUOD

Q0UIPIAS KI0YRIOQR]/[BITUID JO QOUISqY

Ayredounar onaqerg

AV 10 THOV Sumye],

QW gL Jod urwy/[ur 0g< YD9
(Su0mdRI09 £X | 7/

00S7<) eunurwngqe a3uer onorgdoN
$9)oqeIp

7 2dAy 10 T odK) yam (s1eak g1<) sInpy

[/lowwt ¢'4> wnissejod ewseq
@IJ-Uou YIIm JU)SISUOD

QOUIPIAS KI0TBIOQR]/[BITUID JO Q0USqY

Ayyedounar oneqeI

YV 10 IOV Sunye],

QW g7 Tod uruy[ur Og< YIDd

(4 $¢/3w 00g<) BLNUIUING[y

sajeqeip | 2dK) yym (sreak g1<) sInpy

[+9] 1e 10 3poolyog

[£9] 12 12 1paofyos
SYIN

sgurpurg

juouIBAI],

110409 Juedronreq

pringer

Apmgs

Qs

(ponunuoo) | sjqey



"

Diabetologia (2024) 67:3-18

ainssaxd poojq o1j01sAs ‘dg§s ‘ureoodr] pajeroosse-oseune[d3 [iydonnau “TyoN ‘urejoid Surpuiq-proe A1ey IoA1] ‘qg V4T ¢ 1-9[nd9
-Towr Kmfur ASupry ‘TIATY O1IBI JUSWBAI} PAJEUNSe Y[ ‘90UQIQHIp JUSUIIEaI) PAjense ‘(I ‘Onel 9jel Pjewnsd Wd ‘omssaid poolq dI[0ISeIp ‘qg(J QuIuneaId 1) I0JIqIyuI gIV ‘THOV

[9t] 1 12 nrT woiy uorsstuidd Pim paydepy

e 10} SN=d e
(8S€ “€¥—) %19~ 1D/ TNIM Areutin e
(I1¥T *9%—) %92~ 1D/ddVAT Areutin e
(9L *€ST1-) %TT 1D/ TVON Areutin) e
(1D %S6)
0qooe[d sa suojoejouolids y)m sijreworq AInfur renqn) ur 9OUAIIYIP %
£00°0=d (g~ ‘8—) ;W ¢/ T Jod urwy/[ur G— o
:0qaoerd
SA QuojoR[OUOIdS IM YD PAINSLIW UT IUIPIP (1D %S6) UBSIA
e 10} SN=d e
(€ '¢-) SHuww  :dgq ®
(€ '8—) SHWW ¢— :4gS ®
:0qaoerd
sA auojoejouosids ym arnssaid poo[q Y g Ul QUAIYIP (1D %S6) UeA
110°0=d ‘(17— ‘08—) %09— :20UAIAYIP ULSW % ®
(12T “19) U $¢/3w o6 :0qae[d e
(TL*91) U Hz/3w G¢ :Bwigg duojoejouondg e
(1D %S6) 9Bl UOTRIOXS UrNg[e AIBULIN JO UBSW OLIJOWIOD)
100>d°L9'0=Y ®
:dnoi3 oqooe[d Suowre uoneinp sejaqerp pue (uone[nsaioine pairedur
JO uonedIpur) saSuryd YJO PIONPUI-SUIPIUO[D UIMIO] UOTIB[ALIO))
SN={ ‘(g— ‘9—) SHWW 7— :90UAIIYIP UBIJA @
(€1~ ‘17—) SHUWW /[~ :0qdde[] o
(L1— ‘17—) SHww ] — :3w ¢z suojoejouondg e
(1D %$6)
uonoalur aurpruopd ‘A't £q paonpur a1nssaid (LI ueaw ur a5uey)
SN=d “(¢— “01—) ;W ¢’ od UIW/[W {— :DOUIIDJIP ULIIN o
(S=L1-) ;W ¢/'T Jod urwy/[ur [~ :0qadE[] @
(11— 61-) ;w ¢£'T Jod urwyur G[— 3w ¢z duojdejouondg e
(([1D %S6] uonemsaione parredwr jo
UuonedIpUI) UONI[UI QUIPTUOLD "A'T AQ PadNpul YO painseaw ul a3uey)

(SHww
001/091>) uoIsua)1adAy 2I9A3S INOYITAN
[/Towwt 94> winissejod ewse[q
%01>"'VaH
IV 10 OV Sunye],
(sorduwres aurIn 991Y) JO 0M) ISBI[
18 Ul 4 $7/3W 00€—(¢) BHNUIUNG[ROIIA]
sojoqeIp
1 2dK) yyim (s1eak 08> pue 1<) SINPY

yoea sAep ()9 10J IopIo wopuel ur ogaded
pue Kep/3w ¢z ouojoejouoiids 0) paudisse
syuedronred [z=u y)im [BLI) JOAOSSOID)

SJUOAD JR[NOSBAOIPIED JUIIAI ON
[/lowwt 84> wnissejod ewseq

(uow ug [/jowt OO > ‘uowom ur

/1owrl gg> ourunearo ewserd) uornouny
Koupny [eULIOU PUE BLINUTWNG[EOWION

(SHww
[oB3 yjuow | JIoj IopIo wopuer ur oqaoe(d 001/0L1> InqQ 06/SE1<) uorsudradAyg
pue Kep/3w ¢z ouojoejouoads 0) paudisse s9jeqeIp

syuedronred / [=u Y)Im [BL1) JOAOSSOID) 1 2dK) ynim (s1eak 2> pue 1<) SINPY

[29] T8 12 uas[aIN

[59] 12 12 1paofos

sgurpurg

juouIBAI], 310709 juedronieq

Apmgs

(ponunuoo) | sjqey

pringer

a's



12

Diabetologia (2024) 67:3-18

In inducing natriuresis, SGLT2i improve blood pressure.
Furthermore, SGLT2i have been demonstrated to reduce
kidney tissue hypoxia and inflammation in experimental
models and in humans [30, 31]. The very similar benefits
seen in people with CKD with or without diabetes suggests
that the effect on hyperglycaemia is of minor importance for
the kidney benefit [32].

In type 1 diabetes, SGLT2i have principally been inves-
tigated as glucose-lowering therapies used in conjunction
with insulin (Table 1). The EASE, DEPICT and inTandem
(studying the SGLT1 and 2 inhibitor sotagliflozin) trial pro-
grammes each consisted of a series of randomised placebo-
controlled trials assessing the effects of SGLT2i on HbA,
levels in adults with type 1 diabetes over 24-52 weeks’
follow-up [33-36]. SGLT2i use was consistently associated
with improvements in HbA, as well as with reductions in
total daily insulin dose, weight and blood pressure. Moreo-
ver, SGLT2i did not increase hypoglycaemia risk; rather,
these agents reduced participant-reported symptomatic
hypoglycaemic events, particularly nocturnal episodes [35].

While no RCTs have examined the effects of SGLT2i on
primary kidney outcomes in type 1 diabetes, post hoc analy-
ses of the EASE, DEPICT and inTandem trial programmes
have yielded findings suggesting similar physiological
effects in people with type 1 diabetes as in those with type
2 diabetes or with non-diabetic CKD. In pooled analyses
from each of these three type 1 diabetes trial programmes,
among people with a UACR >3 mg/mmol at baseline,
SGLT?2i resulted in a reduction in UACR of as much as 30%
over 52 weeks’ follow-up [37-39]. Additionally, these stud-
ies noted an acute ‘dip’ in eGFR with SGLT2i, suggesting a
therapeutic reduction in glomerular hypertension. Further-
more, increases in haematocrit and uric acid-lowering effects
were observed, which is relevant because these biochemical
alterations are closely linked statistically as ‘mediators’ of
clinical benefits of SGLT2i in kidney and cardiovascular
outcome trials [40, 41]. These concordant effects on media-
tors of cardiorenal benefits support the hypothesis that physi-
ological mechanisms of cardiorenal protection may also be
pertinent in individuals with type 1 diabetes treated with
SGLT?2i. In line with this hypothesis, an observational study
of 200 adults with type 1 diabetes demonstrated improve-
ments in albuminuria and in eGFR with SGLT2i use over 12
months among adults with a baseline eGFR <90 ml/min per
1.73 m? [42]. In another post hoc analysis of the inTandem
trials using predictive modelling, sotagliflozin was reported
to reduce the estimated risk of CVD and ESKD [43].

Despite apparent kidney and cardiovascular benefits,
associations between SGLT2i and increased risk of dia-
betic ketoacidosis (DKA) have limited the implementation
of this drug class in type 1 diabetes. A meta-analysis of
18 RCTs including >7000 participants identified a 2.8-
fold greater risk of DKA with SGLT2i use compared with

@ Springer

placebo in adults with type 1 diabetes [44]. Notably, DKA
risk increased with higher SGLT2i doses and was modified
by various factors including BMI and insulin resistance.
Specifically, SGLT2 inhibition tends to be associated with
euglycaemic DKA, which is more difficult to detect in the
absence of regular ketone monitoring. More widespread use
of SGLT2i in type 1 diabetes will necessitate implementa-
tion of strategies to assess and mitigate DKA risk, includ-
ing preventative measures, patient education and continuous
ketone monitoring, as well as a better understanding of the
potential benefits for clinical cardiorenal outcomes, espe-
cially in high-risk populations such as people with CKD
(Table 2) [46, 47].

Glucagon-like peptide 1 receptor agonists GLP1-RAs pro-
mote glucose-dependent insulin secretion and decrease
glucagon secretion, providing glycaemic benefits. With
respect to non-glycaemic outcomes, GLP1-RAs promote
weight loss and have been investigated in randomised pla-
cebo-controlled trials focusing on cardiovascular outcomes
in adults with type 2 diabetes and high cardiovascular risk.
In these trials, GLP1-RAs have consistently demonstrated
benefits for both primary cardiovascular and secondary kid-
ney outcomes. Specifically, a meta-analysis of the ELIXA,
LEADER, SUSTAIN-6, EXSCEL, REWIND and AMPLI-
TUDE-O trials in type 2 diabetes estimated a 21% reduction
in the risk of new-onset macroalbuminuria, eGFR decline,
progression to ESKD or death attributable to kidney causes
with GLP1-RAs compared with placebo [48]. Kidney ben-
efits may be even greater among those with CKD at baseline
[49]. The ongoing FLOW trial (NCT03819153) will be the
first large multinational randomised placebo-controlled trial
to primarily investigate the effects of a GLP1-RA, once-
weekly subcutaneous semaglutide, on major kidney out-
comes in adults with type 2 diabetes and CKD [50].

The kidney-protective effects of GLP1-RAs are believed
to result from reductions in inflammation and oxidative
stress, in part through direct binding to glucagon-like pep-
tide 1 (GLP1) receptors present on kidney glomerular and
tubular cells [51]. A study conducted using a rat model
of type 1 diabetes demonstrated reduced inflammatory
cell infiltration and decreased glomerular expression of
inflammatory markers, including TGF-f1 and intercellu-
lar adhesion molecule-1, with administration of exendin-4
[51]. Notably, reduced inflammation was accompanied by
decreased glomerular hypertrophy, mesangial expansion and
type IV collagen deposition. In another study using a rat
model of diabetes, GLP1-RAs reduced markers of oxidative
stress in the kidney and ameliorated AGE-induced injury
[52]. Furthermore, GLP1-RAs are effective at inducing body
weight loss and improving insulin sensitivity, which may
have kidney and cardiovascular benefits in type 1 diabetes.
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Table 2 Strategies to mitigate risk of DKA with SGLT2i use in people with type 1 diabetes

Intervention

Details

Appropriate patient selection

Enhanced patient education

Lower dose of SGLT?2i

Limited insulin dose reductions

Close follow-up
Glucose monitoring

Ketone monitoring

Select patients with no history of reoccurring DKA, normal blood ketone levels (<0.6 mmol/l), low DKA risk
factors, good adherence to treatment plans and good lifestyle/behavioural factors [45]. Current label indica-
tions in Europe and Japan call for selection of patients with a BMI >27 kg/m? and a total daily insulin dose
of at least 0.5 U kg™! day™

All patients should be well informed about treatment protocols, DKA risk factors and sick day management
Patients should work together with healthcare providers to optimise insulin doses and create a consistent and
healthy diet to minimise risk of DKA

Lower doses of SGLT2i may still be effective while also decreasing risk of DKA [35]
Initiate SGLT?2 inhibitors at lower doses and titrate up in those with a good response

Reduce basal and prandial insulin after initiation of SGLT?2 inhibition by 10-20% in patients with good gly-
caemic control to mitigate risk of hypoglycaemia

Lower or no reductions in insulin may be required for patients with less intensive glycaemic control

Too high a reduction in insulin may lead to DKA

Adjust insulin doses accordingly with close follow-up by healthcare provider based on blood glucose and
ketone monitoring

Frequent manual glucose monitoring or continuous glucose monitoring should be carried out to enable quick
readjustment of insulin dose if required

Self-testing of f-hydroxybutyrate levels with a blood ketone meter should be carried out routinely, as eugly-
caemic DKA cannot be detected by glucose monitoring alone. Unlike ketone monitoring in type 1 diabetes
populations without SGLT2i use, among SGLT2i users, ketone levels should be tested in the event of symp-
toms of DKA regardless of the level of blood glucose

Urine ketone testing can be used if necessary but this only measures acetoacetate and not B-hydroxybutyrate
and will be an estimation of average concentrations since the last void

In future clinical practice, continuous ketone monitoring will play a role in the surveillance of ketogenesis and

DKA

Adapted with permission from Liu et al [46]

In type 1 diabetes, studies of GLP1-RAs as an adjunctive
therapy to insulin have focused on glycaemic control and
body weight reduction (Table 1). The ADJUNCT ONE and
ADJUNCT TWO trials together randomised >2000 adults
with type 1 diabetes to once-daily subcutaneous injections
of liraglutide compared with placebo in addition to insu-
lin for 26 and 52 weeks, respectively [53, 54]. Overall,
the ADJUNCT programme demonstrated dose-dependent
improvements in HbA |, a decrease in the daily insulin dose
and a reduction in body weight with liraglutide compared
with placebo. A meta-analysis of five randomised placebo-
controlled trials of liraglutide in type 1 diabetes validated
these findings and additionally demonstrated no associa-
tion of liraglutide with severe hypoglycaemia or DKA [55].
Among the GLP1-RA agents, once-weekly semaglutide may
be especially promising in type 1 diabetes, as this agent has
demonstrated superiority over other GLP1-RAs in terms of
glycaemic control and weight loss in type 2 diabetes, as well
as good tolerability [56]. The effects of semaglutide on kid-
ney oxygenation, albuminuria and eGFR will be assessed in
people with type 1 diabetes as part of the REMODEL-T1D
mechanistic trial (NCT05822609).

With the results of the FLOW trial anticipated next year,
as well as high rates of obesity and CVD in type 1 diabe-
tes, there remains an unmet need for additional mechanis-
tic and CVD/kidney outcome studies of GLP1-RAs in the

population with type 1 diabetes and CKD [50]. Interest in
this area similarly applies to dual GLP1 and glucose-depend-
ent insulinotropic polypeptide (GIP) receptor agonists such
as tirzepatide, which have profound effects on glycaemic
control and body weight (e.g. 11 kg body weight reduc-
tion in the SURPASS-4 trial), preserve the eGFR slope and
reduce the UACR [57, 58]. Concurrently, triple GIP, GLP1
and glucagon receptor agonists such as retatrutide are around
the corner, which have impressive effects on glycaemic con-
trol, obesity and fatty liver disease [59, 60].

Mineralocorticoid receptor antagonists MRAs act by pre-
venting aldosterone binding to mineralocorticoid receptors.
The steroidal MRAs spironolactone (first generation) and
eplerenone (second generation) were the first to enter clini-
cal practice and act as potassium-sparing diuretics with
potent antihypertensive effects. Reductions in morbidity
and mortality with steroidal MRA use among individuals
with HF with reduced ejection fraction have led to these
agents being included as cornerstones of medical therapy
for HF [61].

Kidney effects of steroidal MRAs have primarily been
investigated in type 2 diabetes and CKD, although several
small crossover studies have been performed in adults with
type 1 diabetes and CKD, where use of spironolactone
resulted in a 30-60% reduction in albuminuria compared
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with placebo (Table 1) [62—65]. In a meta-analysis of 16
RCTs of adults with diabetes and CKD (four of which
included people with type 1 diabetes), spironolactone
added to standard therapy was associated with a reduction in
24 h urinary albumin/protein excretion [66]. However,
assessment of long-term, hard clinical kidney endpoints has
been limited by the three- to fivefold higher risk of hyper-
kalaemia with spironolactone use [66]. For this reason, ste-
roidal MRA use is discouraged in severe CKD.

Over the last few years, novel non-steroidal MRAs such
as finerenone have been developed that demonstrate greater
mineralocorticoid receptor selectivity and other pharma-
cokinetic differences compared with steroidal MRAs [67].
In safety and tolerability studies conducted in adults with
CKD, finerenone was associated with lowering of albumi-
nuria compared with placebo, and a reduced risk of hyper-
kalaemia compared with spironolactone [68]. Subsequently,
in the large randomised placebo-controlled FIDELIO-DKD
trial including adults with type 2 diabetes and CKD, finer-
enone reduced the risk of the primary kidney outcome
(a composite of kidney failure, sustained eGFR decline
>40% or kidney death) by ~20% [69]. While hyperkalae-
mia occurred more frequently with finerenone than with
placebo, this was often mild or moderate and resulted in few
drug discontinuations (2.3% vs 0.9%, respectively), despite
study participants also being on maximum-tolerated RAS
inhibitor therapy. Additionally, finerenone demonstrated
significant cardiovascular benefits in adults with type 2 dia-
betes and CKD, evaluated in the FIGARO-DKD trial [70].
Notably, kidney and cardiovascular benefits of finerenone
were apparent even in combination with SGLT2i and GLP1-
RA use in secondary analyses of the FIDELIO-DKD and
FIGARO-DKD trials [71, 72]. The ongoing CONFIDENCE
trial (NCT05254002) is an international randomised con-
trolled double-blind trial that will directly assess the effects
of finerenone plus empagliflozin on albuminuria and char-
acterise the efficacy and safety of this drug combination in
the setting of type 2 diabetes.

Finerenone’s kidney-protective effects likely stem from
suppression of inflammatory and pro-fibrotic pathways [73].
Compared with steroidal MR As, non-steroidal MRAs exert
stronger anti-inflammatory and anti-fibrotic effects, probably
related to their distinct effects on tissue-specific gene activa-
tion [67]. In animal models finerenone reduced the expres-
sion of genes encoding monocyte chemoattractant protein-1,
matrix metalloproteinase-2 and plasminogen activator
inhibitor-1 (related to tissue remodelling and fibrosis) in
the kidney, and additionally demonstrated beneficial immu-
nomodulatory effects [73]. While non-steroidal MRAs have
not yet been investigated in type 1 diabetes, based on their
observed benefits in type 2 diabetes and their mechanism
of action, similar kidney-protective effects are anticipated,
emphasising the need for dedicated studies with finerenone
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in people with type 1 diabetes and CKD, including their use
in combination with other ‘repurposed’ therapies such as
SGLT2i and GLP1-RAs.

Potential future treatments for CKD in type 1
diabetes

Beyond the classes of medication discussed above, addi-
tional pharmacological treatments are being investigated for
use in DKD that may be suitable for use in type 1 diabetes.
Endothelin receptor antagonists (ERAs) have been studied
in diabetes and CKD for over a decade, with early studies
ending prematurely because of complications associated with
fluid retention. Newer ERAs have since been designed that
preferentially target endothelin A receptors, associated with
inflammation and podocytopathy, over endothelin B recep-
tors, associated with vasodilation and natriuresis [74]. The
largest trial of ERAs, SONAR, including 2648 participants
with type 2 diabetes and proteinuric CKD, demonstrated that
atrasentan on top of RAS inhibition significantly lowered the
risk of a doubling of serum creatinine or ESKD compared
with placebo by 35% [75]. Since then, more potent endothe-
lin A-specific ERAs have been under development for use in
CKD. The combination of these agents with SGLT?2 inhibi-
tion is particularly interesting considering the natriuresis and
protection against HF outcomes associated with SGLT2i [76].
Specifically, a study of zibotentan, a highly selective endothe-
lin A ERA, in combination with dapagliflozin in participants
with type 2 diabetes (NCT05570305) is currently underway,
with similar phase 2 trials in type 1 diabetes being proposed.
Another potential novel therapeutic option for the treat-
ment of CKD in diabetes is the use of soluble guanylate
cyclase (sGC) activators. sGC is an enzyme that catalyses
the formation of cGMP after nitric oxide (NO) binding [77].
Reduced NO bioavailability and associated impairments in
NO-sGC—cGMP signalling have been associated with CKD
onset and progression in diabetes. Preclinical models have
suggested that stimulation of sGC in diabetes can increase
cGMP formation, with resultant improvements in kidney
inflammation/fibrosis, glomerular permeability and kidney
blood flow [78]. In a Phase II study of 156 individuals with
type 2 diabetes and UACR >22.6 and <565 mg/mmol, the
sGC stimulator praliciguat demonstrated a non-statistically
significant placebo-adjusted decrease in UACR of 15%,
accompanied by reductions in blood pressure [79]. Other sGC
stimulators and activators are currently in development for the
treatment of CKD (NCT04507061, NCT04750577), with at
least one study including participants with type 1 diabetes.
Targeting inflammatory pathways, specifically the NLR
family pyrin domain containing 3 (NLRP3)/IL-1B/IL6/C-
reactive protein (CRP) pathway, has emerged as another
strategy for improving cardiorenal outcomes in high-risk
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populations. This was emphasised in the CANTOS trial, in
which a monoclonal antibody targeting IL-1p in individuals
with established atherosclerotic CVD and evidence of sys-
temic inflammation reduced the risk of major adverse car-
diovascular events (MACE) by 15-17%, an effect that was
likely to be mediated by reductions in serum CRP concentra-
tions [80, 81]. A similar effect size was also observed in a
substudy of participants with eGFR <60 ml/min per 1.73 m?
[82]. The Phase II RESCUE trial subsequently evaluated tar-
geting the more downstream IL-6 with ziltivekimab in partici-
pants with CKD and elevated high-sensitivity CRP (hsCRP)
[83]. Compared with placebo, ziltivekimab reduced hsCRP
concentrations by up to 92%, prompting the formal cardio-
vascular outcome trial, ZEUS (NCT05021835). ZEUS will
enrol 6200 participants with stage 3 or 4 CKD and elevated
hsCRP levels, with a primary MACE outcome and second-
ary kidney endpoints including kidney disease progression,
UACR reductions and eGFR slope. ZEUS will also include
participants with type 1 diabetes. Additional trials are also
underway in participants with type 1 diabetes targeting diverse
pathways including oxidative stress, using nicotinamide ade-
nine dinucleotide phosphate oxidase (Nox)-1/4 inhibitors, and
the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway,
using bardoxolone (NCT03366337, NCT03550443) [84, 85].
Considering the mechanistic overlap in the development and
progression of CKD in type 1 and type 2 diabetes, there exists
a strong rationale for simultaneously developing novel CKD
therapies for use in both type 1 diabetes and type 2 diabetes and
studying the repurposing of existing type 2 diabetes CKD thera-
pies for the treatment of CKD in people with type 1 diabetes.

Conclusion

With the completion of several cardiovascular and kidney
outcome trials involving an increasing number of thera-
peutic agents, tremendous progress has been made in the
management of individuals with type 2 diabetes and CKD.
Regrettably, people with type 1 diabetes have not been able
to benefit from this expanded armamentarium of therapeutic
agents and remain at unacceptably high risk of kidney and
cardiovascular complications. The translation of these and
other novel therapies under development into the clinical
care of individuals with type 1 diabetes with established
complications requires a concerted demonstration of efficacy
and safety in dedicated and properly designed cardiorenal
outcome trials.

Supplementary Information The online version contains a slide
of the figure for download available at https://doi.org/10.1007/
s00125-023-06015-1.
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