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A B S T R A C T

Chronic kidney disease (CKD) is a progressive multisystem
condition with yet undefined mechanistic drivers and multiple
implicated soluble factors. If identified, these factors could be
targeted for therapeutic intervention for a disease that currently
lacks specific treatment. There is increasing preclinical evidence
that the heparin/endothelial glycocalyx-binding molecule mid-
kine (MK) has a pathological role in multiple CKD-related, or-
gan-specific disease processes, including CKD progression, hy-
pertension, vascular and cardiac disease, bone disease and
CKD-related cancers. Concurrent with this are studies docu-
menting increases in circulating and urine MK proportional to
glomerular filtration rate (GFR) loss in CKD patients and evi-
dence that administering soluble MK reverses the protective
effects of MK deficiency in experimental kidney disease. This
review summarizes the growing body of evidence supporting
MK’s potential role in driving CKD-related multisystem

disease, including MK’s relationship with the endothelial
glycocalyx, the deranged MK levels and glycocalyx profile in
CKD patients and a proposed model of MK organ interplay
in CKD disease processes and highlights the importance of
ongoing research into MK’s potential as a therapeutic target.

Keywords: biomarker, chronic kidney disease, Midkine, pro-
gression, review

I N T R O D U C T I O N

Chronic kidney disease (CKD) is common and is associated
with significant morbidity, mortality and healthcare expense
[1]. The CKD ‘syndrome’ (Figure 1A) is a chronic, pathophy-
siologically interconnected, multisystem disease associated with
hypertension, accelerated vascular disease/calcification, chronic
cardiac disease [2], loss of bone integrity [3] and certain cancers
[4].
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While the mechanisms driving both progressive CKD and
its multisystem effects remain incompletely understood, a
plethora of resident tissue and circulating factors and metabo-
lites have been proposed (Figure 1B). These factors are potential
targets for therapeutic intervention. Circulating factors are of
particular interest when observing the apparent organ crosstalk
and multisystem nature of this pathology.

Midkine (MK) is a heparin-binding growth factor pathologi-
cally implicated in many disease processes, including malig-
nancy, inflammatory/immune disorders and CKD. There have
been several reviews of MK’s pluripotent biological actions, de-
scribing benefits in acute ischaemia versus detriments in
chronic disease states and the potential as a therapeutic target
[5–7].

Heart
• Persistent high blood pressure
  contributes to left ventricular
  hypertrophy
• Systemic inflammatory signalling,
  uremic toxins and mineral imbalance
  result in calcification of valves and
  cardiac failure

Parathyroid
• Hyperphosphatemia and impaired vitamin
  D metabolism result in excessive production
  of parathyroid hormone (PTH)

Bone
• Osteoporotic fractures from mineral
  imbalance due to poor renal function and
  excess PTH
• Inflammatory mediators and growth factors
  released from injured kidney accelerate
  bone depletion

Blood vessels
• Vascular stiffening and calcification
  exacerbate high blood pressure
• Mineral imbalance, uremeic toxins and
  signalling molecules induce transition of
  vascular cells (VSMC) to bone-like
  calcified cells

Kidney and urethra
• High prevalence of renal and urothelial
  cancers observed in CKD patients

Kidney
Progressive renal damage:
• Inflammation
• Fibrosis
• High blood pressure
• Poor handling of waste and minerals
• Systemic release of inflammatory
  molecules, uremic toxins and growth
  factors
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FIGURE 1: Multi-organ dysfunction associated with CKD. (A) While impaired renal function is the primary manifestation of CKD, the impact
on other organ systems represents cumulative disease processes that significantly affect mortality and morbidity. (B) Multiple factors promote
the interorgan systemic pathologies of CKD, including metabolites, endocrine and signalling molecules, inflammatory mediators and mineral
imbalance. Aberrant phosphate (Pi) and calcium (Ca) handling due to defective kidney function leads to bone loss, while at the same time pro-
moting vascular and heart valve calcification that together comprise CKD-MBD. LVH: left ventricular hypertrophy.
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This review will focus on MK specifically in CKD patients
and the evidence supporting a relationship between MK and
the multisystem consequences of CKD.

M K I N H E A L T H Y H U M A N S

MK plays a key role in nephrogenesis in mid-gestation [7].
After birth, MK exists in distinct states, including free MK pro-
tein, proteoglycan-bound immobilized at cell surfaces and
untethered proteoglycans in the circulation. Measurable urine

and serum levels (soluble) are generally low (<1000 pg/mL) [8].
Some MK protein resides bound in the endothelial glycocalyx, a
fragile mesh of proteoglycans and glycoproteins on the luminal
surface of all blood vessels critical to vascular endothelial func-
tion [9]. Within the glycocalyx, MK binds to glycosaminogly-
cans (i.e. proteins containing chrondroitin and heparan
sulphates), with particular affinity for syndecans, which are de-
scribed as controlling ‘promiscuous’ binding of MK within the
glycocalyx [10] (Figure 2). MK deeper in the glycocalyx binds to
b-integrins, a critical interaction for neutrophil trafficking
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FIGURE 2: Progressive elevation in circulating MK from CKD Stages 1–5 and potential model for the relationship between serum MK levels
and vascular changes. Top to bottom images depict the relationship between serum MK levels [8], glycocalyx structure [13] and arterial
changes [26] seen in progressing CKD Stages 1–5. MK is normally sequestered bound to glycosaminoglycans in the endothelial glycocalyx. As
the glycocalyx becomes depleted with degradation of heparan and chondroitin sulphate, MK binding may (i) be reduced resulting in increased
circulating serum MK levels, (ii) occur in glycocalyx layers closer to the endothelium and (iii) occur more readily to deeper molecules such as
B integrins, which facilitate inflammatory cell migration across the endothelium. This may not only promote further kidney injury, but may
also enhance inflammatory cell recruitment into blood vessel walls and contribute to vascular smooth muscle cells towards migratory, prolifer-
ative and calcifying phenotypes.
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across the endothelium in the setting of acute inflammation
and macrophage migration in neointima formation [9].

Although studies quantifying MK within the glycocalyx have
yet to be done, there is supportive evidence for a substantial la-
tent ‘pool’ of MK attached to the glycocalyx. Systemic heparin
administration in healthy individuals immediately increases cir-
culating MK levels, which return to baseline when heparin ad-
ministration is stopped [11], too quickly to be related to MK
protein synthesis or degradation. This would suggest MK is
readily released into the circulation in the presence of heparin
(to which it has higher affinity than syndecans) and resumes
glycosaminoglycan binding within the glycocalyx once the hep-
arin is cleared. This is also evident with heparin administration
in the cardiovascular setting, where MK levels are increased 100-
fold from baseline within 2 min of heparin administration for
coronary angiography for suspected myocardial infarction [12].

M K I N C K D P A T I E N T S

CKD patients exhibit elevated circulating MK protein in pro-
portion to the degree of renal impairment [8]. MK levels in se-
rum and urine increase when the glomerular filtration rate falls
to <60 mL/min/1.73 m2 and continues to rise to 10–100 times
normal by CKD Stage 5. Concurrently, endothelial glycocalyx
integrity has been shown to progressively decrease in humans
from CKD Stages 3–5 [13], where aorta from 5/6 nephrectomy
mice with CKD display a thinner endothelial glycocalyx, and
this is associated with stiffer aortic endothelial cells than in con-
trols. These CKD associations are depicted in Figure 2.

There is no conclusive data on the pathological impact of
chronically high systemic levels of MK. However, studies sup-
port the role of circulating factor(s) specific to the serum of
CKD patients as driving CKD and its systemic associations.
While there are many such candidate factors [e.g. fibroblast
growth factor-23 (FGF-23) and indoxyl sulphate [14, 15]], their
identity and mechanistic role in multi-organ pathologies have
yet to be established.

As described in previous reviews [5, 7], experimental evi-
dence implicates MK as an upstream driver of both progressive
CKD [7, 16] and multi-organ diseases associated with CKD
[17–24]. This role of MK is further supported by the introduc-
tion of systemically administered recombinant MK protein to
MK-deficient mice, restoring its pathological effects in murine
models of CKD [7], atherosclerosis [22, 23], hypertension [25]

and chronic cardiac disease [18]. In fact, these effects were seen
with exogenous MK that increased the baseline circulating level
of MK only 2-fold [22], markedly less than the 10- to 100-fold
elevated levels seen in CKD patients [8, 11].

The combination of impaired glycocalyx integrity and high-
circulating MK levels may contribute to the inflammatory infil-
trate, fibrosis and scarring seen in the kidneys of late-stage
CKD patients. The renal tubular and urothelial cells would also
be exposed to high MK levels, which may be important in con-
sidering MK’s possible role in malignancy.

M K I N S Y S T E M I C V A S C U L A R D I S E A S E

In CKD, traditional vascular disease risk factors contribute to
atherosclerosis, but the accelerated vascular disease seen in
later-stage CKD is less well explained [26]. There are mechanis-
tic associations with inflammation, calcium/phosphate imbal-
ance, oxidative stress, rapid changes in intravascular volume,
anaemia and uraemic toxins; however, specific drivers have not
been fully elucidated. A growing understanding of endothelial
glycocalyx pathophysiology in this cohort suggests that the
pathogenesis may be related to both chronic glycocalyx distur-
bance and associated subendothelial inflammation [13], to-
gether with disordered mineral metabolism [as part of the
CKD-related mineral and bone disorder (CKD-MBD) cluster]
leading to vascular calcification [26].

Glycocalyx damage is critical to the initiation of atheroscle-
rosis, even in the general population [27]. Once glycocalyx
shedding begins to occur (an early manifestation of atheroscle-
rosis [28]) leucocytes migrate into the subendothelium with re-
sultant vascular inflammation, an essential precursor for
atherosclerosis. Ultimately the atherosclerotic plaque is the con-
sequence of prolonged insult/injury and attempts at healing the
vascular endothelium. In CKD, the aforementioned denuding
of the glycocalyx and subsequent subendothelial inflammation
may contribute to accelerated atherosclerosis (Figure 2) [29]
seen in this population.

In the 2016 review by Salaru et al. [5], evidence for MK’s role
in the maintenance of inflammation, smooth muscle cell prolif-
eration and neointima formation was well described. More re-
cently, MK’s role in atherogenesis was confirmed with the
finding that chronic systemic administration of MK in high ath-
erosclerosis risk mice (apolipoprotein E knockout) increased
atherosclerotic lesion size, atherosclerosis-associated

Table 1. Areas for future research to explore the relationship between MK and CKD-associated diseases

CKD-associated disease MK research examples

MK/glycocalyx relationship MK quantification, location, binding and interplay within the glycocalyx
CKD-MBD
Systemic vascular disease MK role in vascular calcification

Correlation of serum MK with vascular calcification markers
Renal bone disease MK role in CKD-associated bone disorders

Correlation of serum MK with bone turnover markers
HT MK as an upstream and/or multimodal target for antihypertensive treatment in the context of CKD
Chronic cardiac disease MK’s role in CKD-associated cardiac hypertrophy, remodelling and fibrosis

Serum MK level association with LV stiffening (echocardiography)
Cancers Explore the effect of MK on non-malignant urothelial cells to determine the role of MK in malignant transformation

Association between urine MK levels and de novo urothelial malignancy

1580 V K. Campbell et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/36/9/1577/5857810 by guest on 23 N

ovem
ber 2021



inflammatory markers, macrophage infiltration and vascular
smooth muscle cells (VSMCs) [22]. Together, the evidence sup-
ports MK directly contributing to several processes leading to
the development of atherosclerotic lesions.

Vascular calcification is also markedly increased in CKD,
seen in autopsy studies and by increased coronary calcification
scores. This is a consequence of disordered calcium–phosphate
metabolism (which also contributes to the bone depletion in
CKD-MBD and a phenotypic transition of VSMCs from their
contractile functions towards an osteoblast-like state [26]). This
is likely initiated by circulating factors in CKD patients [30],
with numerous molecules being implicated, including parathy-
roid hormone and FGF-23. In vitro exposure of VSMCs to sera
from dialysis patients increased the expression of bone-related
proteins such as core-binding factor a-1 (Cbfa1), osteopontin
and alkaline phosphatase [26, 29]. Cfba1 is critical for the phe-
notypic transformation of VSMCs into osteoblasts.

There have been no studies specifically examining the role of
MK in vascular calcification or CKD-associated vascular dis-
ease, but MK’s role in endothelial inflammatory cell migration,
alterations in the glycocalyx in CKD patients and increased cir-
culating MK levels warrant further consideration. Studies of
MK within the glycocalyx and in vascular calcification would
help explore this relationship (Table 1).

M K I N H Y P E R T E N S I O N

Hypertension in CKD is common with well-documented con-
tributions from aberrant sodium handling, activation of the re-
nin–angiotensin system (RAS), enhanced sympathetic activity,
reduction in the production of the vasodilator nitrous oxide, in-
creased endothelin production and more recently P-450-de-
rived eicosanoids [31].

Ezquerra et al. [32] were the first to show a relationship be-
tween MK and hypertension, with a significant difference in the
expression of components of the RAS between the aortas of
wild-type and MK knockout mice. MK has now been shown to
be associated with hypertension via three mechanisms: modula-
tion of the pulmonary RAS [25], induction of P-450-derived
eicosanoids [33] and via central regulation of blood pressure
(BP) [34].

Hobo et al. [25] demonstrated that MK knockout mice did
not develop the same degree of hypertension or renal injury as
occurred in wild-type mice following 5/6 nephrectomy and that
lung angiotensin-converting enzyme (ACE) expression and hy-
pertension in MK�/� mice were restored following administra-
tion of exogenous MK. The authors concluded that MK was
integral to the development of hypertension via the pulmonary
renin–angiotensin system in the 5/6 nephrectomy model of
CKD.

MK is involved in blood pressure regulation via modulating
cytochrome P-450-derived epoxyeicosatrienoic acids (EETs). In
response to endothelial dysfunction uninephrectomized MK
knockout mice developed less hypertension, proteinuria and
glomerulosclerosis than their wild-type counterparts [33], with
evidence implicating the EET pathway. The subsequent admin-
istration of MK antibody then reduced the hypertension seen in
the wild-type mice [33].

The nucleus tractus solitarii (NTS), which is the integrative
centre for cardiovascular control and other autonomic func-
tions in the central nervous system, is also responsive to MK.
MK decreased BP and heart rate in the NTS, probably acting
via the N-methyl-D-aspartate receptor–calmodulin–endothelial
nitric oxide synthase signalling pathway, independent of the re-
nin–angiotensin system effects [34].

While investigation of MK in human hypertensive popula-
tions is limited, there is some evidence that elevated serum MK
levels were associated with diastolic and systolic BP [35].
However, in a CKD population [8], treatment with RAS inhibi-
tors were associated with both lower urinary levels of MK and a
reduced fractional excretion of MK. If MK is truly a driver of
kidney injury, then this decrease in urinary MK may be a con-
tributor to the reduction in CKD progression seen with the use
of ACE inhibitors. Further work is needed to assess the poten-
tial of MK as an upstream and/or multimodal target for antihy-
pertensive treatment in the context of CKD (Table 1).

M K I N C H R O N I C C A R D I A C D I S E A S E

A serious consequence of CKD is cardiac hypertrophy and
remodelling. The presence of renal-specific ‘non-traditional
risk factors’, including vascular and heart valve calcification,
anaemia, haemodynamic overload, inflammation and uraemic
toxins, exacerbates cardiac complications [2, 14, 36].

While MK is cardioprotective in the setting of acute ischae-
mic heart disease [37], there is growing evidence of MK’s delete-
rious role in chronic heart failure [6]. Hypertension and
haemodynamic overload are partly a result of the persistent ac-
tivation of the renin–angiotensin system, at least partially medi-
ated by MK as discussed above. More severe cardiac
hypertrophy, fibrosis and impaired function following induc-
tion of pressure overload occurred in transgenic mice overex-
pressing MK compared with wild-type mice [21]. Honda et al.
[19] found increased circulating and cardiac expression of MK
following subtotal nephrectomy, with associated increased acti-
vation of epidermal growth factor receptor signalling and car-
diac hypertrophy and dysfunction. Furthermore, MK induces
the expression of the hypertrophy-related molecules in cardiac
cells in vitro, with epidermal growth factor signalling a likely
pathway through which MK influences this pathology [19]. MK
gene expression was also upregulated in an autoimmune myo-
carditis mouse model, where blocking MK reduced cardiac in-
flammation, fibrosis and impaired echocardiography
performance [38]. Here, MK promotes leucocyte recruitment
and formation of neutrophil extracellular traps (NETs), a pro-
cess whereby neutrophils release their DNA content covered
with antimicrobial proteins, where NETs can maintain chronic
inflammation under sterile conditions.

A relationship between MK and cardiovascular disease in
humans has been reported in several studies. MK levels were
twice as high in chronic heart failure patients compared with
healthy controls, with a graded association between serum MK
levels and dysfunction [16]. Furthermore, serum MK was inde-
pendently associated with cardiac events and cardiac death in
this cohort [20]. A correlation between serum MK and func-
tional heart failure symptoms was also evident among 134 heart
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transplant recipients [39]. Elevated circulating MK is also
part of a biomarker panel for development of coronary and
peripheral artery disease in cardiac patients with and without
diabetes [40, 41].

Overall, there is a strong association between upregulation
of MK expression and chronic cardiac disease. Further work is
needed to demonstrate a causal relationship within the CKD
population (Table 1).

M K I N B O N E D I S O R D E R S

CKD is associated with several abnormalities in mineral metab-
olism leading to both low and high bone turnover, loss of bone
integrity and increased fractures. This, along with the afore-
mentioned vascular calcification, is part of CKD-MBD [3, 26].
Although there are no studies directly implicating MK in CKD-
MBD, there is increasing evidence that MK has multiple roles
in bone physiology, including skeletal development, homoeo-
stasis, osteoporosis and fracture healing [24].

MK is known to repress Wnt/b-catenin signalling in osteo-
blast cells, a key pathway for bone development and osteoblast
differentiation. In MK-deficient mice, fracture healing is
delayed, with impaired recruitment of macrophages and chon-
drogenesis [24]. In a mouse model of bone fracture healing,
treatment with an inhibitory monoclonal antibody targeting
MK resulted in accelerated healing of femoral fractures [17]
and associated increased levels of b-catenin in cells at the site of
fracture. Whether this is merely an increase in the number of
cells expressing b-catenin or modulation of Wnt signalling fol-
lowing inactivation of MK is unclear. Independent of Wnt
modulation, however, is the ability of MK antibodies to reduce
the neutrophil accumulation within the fracture callus [42],
consistent with MK’s known action of promoting neutrophil
and other inflammatory cell migration into damaged
tissues [9].

In osteoporosis, MK has been shown to repress bone deposi-
tion and remodelling, and mice lacking MK have increased
bone mass. MK-deficient mice subjected to a mechanical load
on the ulna had significantly more new bone formation than
wild-type mice, indicating that MK inhibits bone formation
[43]. Further studies using a menopausal mouse model of os-
teoporosis following ovariectomy reinforce the bone modulat-
ing effect of MK. The increased levels of MK following
menopause are likely directly related to hormone levels, as
estrogen-receptor knockout mice have increased MK [42].
Reduced oestrogen signalling is a risk factor for osteoporosis,
which rapidly progresses after menopause. The use of MK
antibodies in menopausal mice accelerated fracture healing,
in a manner that was even more pronounced than in non-
menopausal mice. A striking finding of this study was that
there was significantly denser bone in sites distant from the
fracture, in agreement with the systemic effects of MK on
bone metabolism [42].

These findings show that MK has multiple effects on bone
metabolism, not only for normal bone physiology and remodel-
ling, but also the response of bone to direct injury and the devel-
opment of osteoporosis. In view of the MK profile in CKD
patients (high levels and impaired endothelial glycocalyx), the

observation that inhibiting MK restored bone integrity in osteo-
porotic intact femurs and vertebrae suggests an area for future
research (Table 1).

M K I N C K D - A S S O C I A T E D C A N C E R S

Numerous studies have reported an association between CKD
and an increased cancer risk and mortality. However, the rela-
tionship appears to vary with CKD severity and cancer site.
Among those with CKD not on dialysis, there is an increased
risk of renal and urothelial, lung, colon and thyroid cancer [4,
44]. Dialysis patients are at increased risk of kidney, bladder,
thyroid, lung, lip and cervix cancer, but reduced risk of prostate
cancer [45].

There is a well-documented association between MK and
cancers, including those commonly associated with CKD.
Urinary MK has been shown to be high in people with bladder
cancer compared with controls and in fact is a marketed bio-
marker for this disease [46]. Furthermore, MK expression was
3-fold higher among bladder tumours that progressed, recurred
or led to death than in cancers that do not [47] and overexpres-
sion of the MK gene causes enhanced malignant potential [48].
MK in colorectal cancer tissue has been shown to be higher
than in normal tissue in 98% of cases, with a mean increase of
30-fold and a trend towards correlation with serum MK [49]. In
non-small cell lung carcinoma, tissue and serum [50], MK was
higher than in controls and was an independent predictor of
death [50].

People with CKD have markedly elevated urine and serum
MK levels [8]. Whether this predisposes to the development
and progression of cancers in this population is unknown.
Renal and urothelial cancers are of particular interest. Further
work to explore the effect of MK on non-malignant urothelial
cells is required to determine the role of MK in malignant trans-
formation (Table 1). If elevated MK related to CKD does con-
tribute, the question remains why some cancers are associated
with kidney disease but others appear not to be, despite all tis-
sues being exposed to high MK levels.

S U M M A R Y

CKD is a chronic, multisystem disease and it is likely that spe-
cific circulating factors contribute to disease progression and
complications. MK contributes to ACE, EET acid and centrally
driven hypertension; glycocalyx-regulated subendothelial inflam-
mation and vascular calcification associated with atherosclerosis
and left ventricular thickening and fibrosis. In addition, it is
plausible that MK may have a role in CKD-MBD and urothelial
and renal cell cancers in CKD patients. MK levels are markedly
elevated in both the urine and the serum of patients with CKD,
and it is known that systemic exposure to MK is sufficient for
pathogenic effects at an end-organ level as the administration of
exogenous/soluble MK can reverse the beneficial effects observed
in MK knockout mice [7, 18, 22, 23, 25].

Large cohort studies may help elucidate if people with CKD
and higher MK levels than their counterparts are at greater risk
of the complications of CKD. There are currently no data on
whether removing or inhibiting the effect of MK in human
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CKD ameliorates progressive renal damage and/or the systemic
consequences of CKD. We must also consider the impact of
regulating MK levels in the CKD population, in whom there is
an increased risk of ischaemic events, where MK may be of ben-
efit, against the potential to protect them from becoming this
‘at-risk population’ in the first place. Hypertension is common
in the setting of CKD, and blocking MK’s multiple hyperten-
sion-promoting actions may be an early, protective intervention
and/or reduce the pill burden for these patients. Future clinical
trials using anti-MK therapies are warranted, but there is still
much to be understood about the contribution of MK to patho-
logical processes.
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