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Introduction

Chronic Kidney Disease (CKD) may arise due to
a multitude of different insults to renal function.
However despite the wide range of pathological
processes that may induce renal injury, substantial
loss of nephrons provokes a common syndrome char-
acterized clinically by systemic hypertension, protein-
uria and a progressive decline in glomerular filtration
rate (GFR) and patho-physiologically by progressive
interstitial fibrosis, peritubular capillary loss with
hypoxia and destruction of functioning nephrons
because of tubular atrophy [1]. Extensive studies
suggest that the rate of loss of GFR, that is the
rate of progression of CKD, may be largely due to
common secondary factors, often unrelated to the
initial disease [2].

Some of these factors such as age and race are not
open to intervention. The majority, however, provide
at least a potential for intervention in order to slow or
halt the progression of early CKD.

Factors influencing the progression of CKD

Intra-glomerular haemodynamic factors

In rat models, subtotal nephrectomy (remnant kidney
model) leads to a compensatory hyperfiltration of
the remaining nephrons initially maintaining overall
GFR; however, over time glomerular hypertension,
proteinuria and progressive CKD develop [3].

The loss of sufficient renal functional units
(nephrons) from whatever insult, puts into place
haemodynamic factors that perpetuate renal dysfunc-
tion. Indirect studies in humans strongly indicate
a very similar response to those that are demonstrated
in many animal models of progressive CKD, with

increased intraglomerular pressure, glomerular hyper-
trophy and compensatory glomerular hyperfiltration.

The compensatory response to nephron loss of
hyperfiltration in the spared nephrons, in an attempt
to maintain GFR, leads to glomerular injury and
the finding on renal biopsy examination of secondary
glomerulosclerosis. Glomerular cell proliferation,
macrophage infiltration and the progressive accumula-
tion of extracellular matrix (ECM) components all
may contribute to the development of the glomerular
sclerotic lesion, stretching of the capillary tuft also
stretches the adjacent mesangial cells and this induces
mesangial proliferation. How these changes occur is
not well understood, but cytokines such as transform-
ing growth factor-b (TGF-b) and platelet-derived
growth factor (PDGF) may be responsible for at
least part of the matrix accumulation [4–6].

A surgical study shows the risk of developing
secondary glomerulosclerosis after nephron loss to be
proportional to the degree of initial loss and to require
loss of at least 50% of functional renal tissue [7].

Early diabetic nephropathy is well described to be
associated with hyperfiltration resulting in an elevation
of GFR with associated glomerular hypertrophy [8,9].
Primary renal vasodilatation, with a greater reduction
in afferent relative to efferent arteriolar resistance
results in increased intraglomerular pressure and
glomerular hyperfiltration.

There is correlation between urine albumin excretion
and glomerular pressure, and therefore, as with the
remnant kidney model, the glomerular hypertension
in diabetic nephropathy propagates a decline in GFR
at least partly due to increased protein leakage across
glomerular capillaries into Bowman’s space [10].
Segmental areas of glomerulosclerosis can also be
induced by intraglomerular hypertension resulting
from primary renal vasodilatation as it occurs in
diabetic nephropathy [5].

The mechanisms underlying this afferent arteriolar
dilatation in diabetics are not well understood: several
factors may contribute. Hormonal influences may play
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a role: an infusion of the somatostatin analogue
octreotide over 12 weeks was seen to partially reverse
hyperfiltration and renal hypertrophy in type I
diabetics, insulin-like growth factor (IGF-1) levels fell
over the duration of the treatment [11]. Additionally,
the infusion of IGF-1 in normal subjects induces
vasodilatation, an elevation in GFR and increased
urinary albumin excretion [12]. Atrial natriuretic
peptide has also been postulated to play a role in
hyperfiltration with its secretion being triggered by
increased sodium reabsorption in the proximal tubule.
Alterations in levels of endothelial-derived relaxing
factor, angiotensin II, prostaglandins, thromboxanes
and kinins have all been implicated in glomerular
hypertension [13]. Other factors directly related to
hyperglycaemia such as the intracellular accumulation
of sorbitol and of initially reversible, and then
irreversible glycosylation products may also play a
role. Finally, enhanced proximal tubular sodium
reabsorption due to sodium-glucose co-transport
which is enhanced by hyperglycaemia, results in
reduced distal sodium and fluid delivery resulting
in activation of the tubuloglomerular feedback
mechanism in the macula densa, raising the GFR via
dilatation of the afferent arteriole [14].

Hyperfiltration has not been so well studied in
non-diabetic renal disease but has been described
in sickle cell anaemia, lupus nephritis, obesity and
in white hypertensives with reduced numbers of
hypertrophied glomeruli suggesting compensatory
hyperfiltration [15].

Intraglomerular pressure may be raised in glomer-
ular diseases as a compensatory adaptation to a
reduction in the permeability of the glomerular
capillary wall to small solutes and water. The fall in
GFR is minimized by raising the intraglomerular
pressure, a response that may be mediated by reduced
flow to the macula densa and subsequent activation
of tubuloglomerular feedback.

Intraglomerular hypertension and hypertrophy may
further cause damage and progression of CKD as
the increased wall stress and increased glomerular
diameter cause detachment of the glomerular epithelial
cells from the glomerular capillary wall. These areas
allow increased flux of water and solutes; however,
very large circulating macromolecules (such as IgM
and fibrinogen and complement metabolites) cannot
cross the glomerular basement membrane and are
trapped in the subendothelial space. The characteristic
accumulation of these ‘hyaline’ deposits can progres-
sively narrow the capillary lumens, thereby decreasing
glomerular perfusion and filtration [16].

Tubulo-interstitial disease

Impairment of kidney function correlates better
with the degree of tubulo-interstitial injury and fibrosis
than with histologically evident glomerular injury.
Interstitial fibrosis results from increased synthesis
and decreased breakdown of ECM [17].

In CKD, the balance between cell proliferation and
apoptosis is disordered with excessive apoptosis
of normal glomerular and tubular epithelial cells.
Abnormally abundant apoptotic stimuli such as
TGF-b, tumour necrosis factor (TNF), Fas ligand
(FasL) and interferon-a result in increased cell death
[18,19]. Tissue hypoxia from decreased perfusion of
the microvasculature also stimulates FasL-mediated
apoptosis. Hypoxia may be a cause as well as an effect
of the progression of CKD; intertubular capillaries are
reduced in CKD of all causes, an effect exacerbated
by glomerular sclerosis. Increased interstitium also
diminishes capillary perfusion of the tubules.

An excess of cytokines in the kidney in CKD recruits
macrophages into the kidney; macrophage-colony
stimulating factor is over expressed by the tubules
as a response to injury. Macrophage infiltration of the
interstitium correlates with renal dysfunction and
the cells amplify the response by producing more
cytokines further inducing fibrosis and apoptosis.

Clinically evident factors predicting accelerated
progression of CKD

Hypertension [20–22] and proteinuria [22–24] are
consistently demonstrated to be independent risk
factors for the progression of CKD.

Systemic hypertension is common in CKD and
incidence increases with declining GFR [25]. Hyperten-
sion is due to a combination of sodium and water
excess, activation of the renin–angiotensin–aldosterone
system and sympathetic nervous system activation.
Systemic hypertension is transmitted causing glomer-
ular capillary hypertension and a subsequent
accelerated decline in GFR as outlined above
(intra-glomerular haemodynamic factors).

The kidneys also generate angiotensin II locally,
independent of the systemic system, and acting via the
angiotensin II type 1 receptor this has significant
non-haemodynamic effects contributing to the devel-
opment of tubulo-interstitial fibrosis by stimulating
expression of cytokines and growth factors favouring
fibrosis and recruitment of macrophages [26]. Thus, the
use of angiotensin-converting enzyme (ACE) inhibitors
performs a dual role, both lowering the glomerular
capillary pressure and preventing the increase in
pro-fibrotic cytokine expression.

Proteinuria occurs as a result of glomerular capillary
hypertension and varies directly with the intraglomer-
ular pressure. The resulting damage to the permeability
barrier in the glomerulus, a mechanism at least in part
mediated by angiotensin II, leads to an excess of
proteins reaching the lumen of the proximal tubules.
Filtered proteins are taken up by the tubular cells by
endocytosis and stimulate the abnormal production of
cytokines which are released into the interstitium
leading to macrophage and T lymphocyte migration,
the proliferation of fibroblasts and increased ECM
production: the familiar mechanisms of glomerulo-
sclerosis and interstitial fibrosis [27]. Some specific
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proteins may play an enhanced role: transferrin is
seen to accumulate in the proximal tubular cells in
proteinuric patients with CKD [28] and has been
implicated in toxicity via lipid peroxidation and
complement activation.

Consistent with this role in pathophysiology,
proteinuria is a strong predictor of clinical progression
of CKD, the rapidity of progression is proportional
to the severity of proteinuria [29]. ACE inhibitors
reduce proteinuria and limit the progression of
deterioration of CKD both by reducing glomerular
capillary hypertension and by reducing the mean
dimensions of large unselective pores of the glomerular
capillary wall so enhancing the size-selective function
of this barrier to macromolecules.

Hyperlipidaemia is common in patients with CKD,
particularly those with heavy proteinuria. In addition
to the adverse effects upon systemic atherosclerosis,
there is some evidence that hyperlipidaemia may
also have an adverse impact upon progression of
CKD [30,31]. Hyperlipidaemia activates mesangial
cells, leading to mesangial proliferation, production of
macrophage chemotactic factors, stimulation of reac-
tive oxygen species and stimulation of growth factor
and cytokine release. All of these factors may then
contribute to renal injury and progression of CKD.

Phosphate retention occurs as soon as GFR begins
to decline and the accumulation of phosphate con-
tributes to progression of CKD. Phosphate precipitates
with calcium in the interstitium initiating an inflam-
matory response resulting in interstitial fibrosis and
tubular atrophy [32,33].

Anaemia occurs in CKD largely as a result of
erythropoietin deficiency. In addition to increasing
red cell mass and so tissue oxygen delivery, treatment
with erythropoietin appears to have additional benefits
of protecting against oxidative stress and tubular
cell apoptosis and possibly stimulating angiogenesis.
There is some clinical evidence that correcting anaemia
slows the progression of CKD [34].

Experimental models suggest that the metabolic
acidosis of CKD may also play a role in the progres-
sion of disease. As nephron numbers decline each
nephron excretes more acid, mainly as ammonium.
Hyperammoniagenesis may also result from intratubu-
lar catabolism of the excessive protein load associated
with proteinuria. The local accumulation of ammonia
can directly activate complement leading to secondary
tubulointerstitial damage [35,36]. Buffering the acido-
sis with alkali therapy prevents the increase in
ammonium production, and therefore should minimize
renal injury. Whilst the renal protective effects of
alkali therapy are unproven in clinical practice the
prevention of osteopenia and muscle wasting still make
such treatment desirable.

Other factors

It is clear from the discussion above that a variety of
vasoactive substances (cytokines and growth factors)

are implicated in the progression of CKD. These
factors may be synthesized outside of the kidney and
ultrafiltered in the glomerulus to act on tubular cells
via apical receptors, or may be secreted by renal cells
or infiltrating monocytes. The actions of these factors
overlap often mediating the expression/release of
or modulating the effect of other mediators; some
of the better described factors are discussed here.

TGF-b is an important fibrogenic cytokine.
Production is within the kidney and is stimulated by
angiotensin II, high plasma glucose and IL-1 as well as
by the mechanical stretching of mesangial and tubular
cells. TGF-b favours apoptosis of podocytes, tubular
epithelial cells and capillary endothelial cells, as well
as ECM deposition and transdifferentiation of tubular
cells into myofibroblasts [37]. Cytokines affected
by TGF-b include plasminogen activator inhibitor 1
(PAI-1), hepatic growth factor, connective tissue
growth factor and nitric oxide.

PAI-1 is not expressed in the normal kidney,
expression is induced in kidney disease by angiotensin
II and IV, by TGF-b and aldosterone. PAI-1 inhibits
the normal degradation of ECM leading to abnormal
matrix deposition leading to fibrosis. PAI-1 may also
inhibit endothelial nitric oxide synthesis [38].

Nitric oxide functions as a vasodilator at physiolo-
gical concentrations. It also inhibits mesangial cell
proliferation and ECM synthesis and may limit
capillary permeability, therefore inhibition of nitric
oxide synthesis results in hypertension, proteinuria and
tubulointerstitial fibrosis. Total nitric oxide production
is low in CKD, an effect that is exacerbated by high
parathyroid hormone levels, PAI-1, platelet-derived
growth factor (PDGF), TGF-b and endothelin-1 all
of which are over-expressed in CKD [2].

Expression of endothelin-1, 2 and 3 occurs in
glomerular and tubular cells and is stimulated by
angiotensin II, IL-1, TGF-b, hypoxia among others.
Endothelins may play a role in progression of CKD
by blocking nitric oxide synthesis, macrophage
chemotaxsis and stimulation of interstitial fibroblast
proliferation.

Aldosterone levels are often raised in CKD and
induce oxidative stress, inflammation and fibrosis
and impair endothelial nitric oxide synthesis [39].

Patient-specific factors

Race, male gender and age all have an adverse impact
upon progression of CKD.

In a study of data drawn from the US census, the US
renal data system and the NHANES study, black race
(African-American) was demonstrated not only to be
a risk factor for the development of hypertension
but also of hypertension-related kidney disease includ-
ing end-stage renal disease (ESRD) compared with
non-black residents of the same age. Compared with
women, men were shown to be at increased risk of
hypertension and hypertension-related ESRD [40].
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Multivariate analysis of the modification of diet in
renal disease (MDRD) study showed that black
race was an independent predictor of faster decline in
GFR [42]. Multivariate analyses of the MRFIT
(Multiple Risk Factor Intervention Trial) involving
non-diabetic hypertensive men found an increased risk
of ESRD among black patients [42]. The adverse effect
of male gender and black race on the incidence and
progression of CKD is reflected in the increased
incidence and prevalence of these patients in renal
replacement therapy programmes [43].

Renal function is lost with age, the average rate of
loss of glomerular filtration being around 1ml/min/
year. Elderly patients have less ‘reserve capacity’ in
their renal function, and thus greater susceptibility to
the development of CKD with any given insult.

Several genetic factors also influence the progression
of CKD. ACE gene polymorphism results in indivi-
duals with genotypes II, ID or DD depending on
presence (I allele) or absence (D allele) of a fragment of
the gene. The three genotypes are associated with low,
intermediate or high circulating and intra-renal ACE
(angiotensin-converting enzyme), respectively. The D
allele (high ACE levels) has been demonstrated to have
an adverse effect on progression of CKD [44].

A number of other genetic factors such as DNA
single nucleotide polymorphisms may significantly
influence the immune response, levels of inflammatory
markers (IL-10, IL-6, TNF-a) and prevalence of
atherosclerosis (apolipoprotein E, TGF, fetuin-A) in
patients with CKD, all mechanisms by which disease
progression is mediated [45].

Lifestyle factors

Smoking is a risk factor for the development of
microalbuminuria, overt proteinuria and progression
of renal disease in patients with type 1 and 2 diabetes
[46–48] and has been associated with a greater risk of
CKD progression in non-diabetic patients [49–52].

Proposed mechanisms of renal injury due to smok-
ing include glomerular hyperfiltration and an
increase in intra-glomerular capillary pressure,
increased renin and angiotensin II production and
increased albuminuria [53,54].

Obesity is not only a risk factor for the development
of proteinuria and of CKD, but is also associated with
accelerated progression of CKD [55,56]. Morbid
obesity alone in the absence of primary renal disease
may cause glomerular sclerosis [57]. Whilst weight loss
has been demonstrated to reduce proteinuria in obese
patients [58] conversely obesity provides an survival
benefit in patients with severe (stage 5) CKD and so
such strategies should be used with caution [59].

High dietary salt intake is associated with hyperten-
sion and increased cardiovascular disease [55]. Excess
dietary salt intake also plays an important role in
the progression of CKD that is independent of
angiotensin II and systemic blood pressure. Salt
activates the intra-renal vascular endothelium to

produce TGF-b with resultant damage as described
above [60].

Conclusion

The progression of early CKD is mediated by
a common pathophysiology resulting in glomerulo-
sclerosis and tubulointerstitial injury. Many of the
factors associated with provoking this renal injury,
and thus progression of CKD are associated with, or
caused by, chronic kidney disease itself. By targeting
therapies to try to break this vicious circle we can aim
to slow or halt progression.

Reduction of intra-glomerular hypertension/
hyperfiltration, systemic hypertension and proteinuria,
ideally by blocking the role of angiotensin II and
attention to hyperlipidaemia, acidosis and phosphate
balance with lifestyle modification where appropriate
can have a beneficial impact upon the progression
of CKD.

Conflict of interest statement. None declared.
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