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Abstract

 

Kidney biopsies from Pima Indians with type II diabetes

were analyzed. Subjects were classified clinically as having

early diabetes (

 

n 

 

5

 

 10), microalbuminuria (

 

n 

 

5

 

 17), nor-

moalbuminuria, despite a duration of diabetes equal to that

of the subjects with microalbuminuria (

 

n 

 

5

 

 12), or clinical

nephropathy (

 

n 

 

5

 

 12). Subjects with microalbuminuria ex-

hibited moderate increases in glomerular and mesangial

volume when compared with those with early diabetes, but

could not be distinguished from subjects who remained nor-

moalbuminuric after an equal duration of diabetes. Subjects

with clinical nephropathy exhibited global glomerular scle-

rosis and more prominent structural abnormalities in non-

sclerosed glomeruli. Marked mesangial expansion was ac-

companied by a further increase in total glomerular volume.

Glomerular capillary surface area remained stable, but the

glomerular basement membrane thickness was increased

and podocyte foot processes were broadened. Broadening of

podocyte foot processes was associated with a reduction in

the number of podocytes per glomerulus and an increase in

the surface area covered by remaining podocytes. These

findings suggest that podocyte loss contributes to the pro-

gression of diabetic nephropathy. (

 

J. Clin. Invest.

 

 1997.

 

 

 

99:

342–348.) Key words: glomerulus

 

 

 

• 

 

proteinuria 

 

• 

 

mesan-

gium 

 

• 

 

sclerosis 

 

• 

 

epithelial cell

 

Introduction

 

Morphometric studies have contributed greatly to our under-
standing of diabetic glomerular disease (1–4). Most of these
studies have profiled structural changes that culminate in
glomerular sclerosis in type I diabetes. Glomerular structure in
type II diabetes has been studied less extensively, though this
form of diabetes is the more common cause of renal failure.
This is in part because patients of European ancestry usually
develop type II diabetes late in life. Renal disease in these pa-
tients, who may also suffer from atherosclerotic vascular dis-
ease and hypertension, is not always attributable to diabetes
(5, 6). In addition, the onset of type II diabetes is usually not
well documented, and the dependence of renal injury on the
duration of diabetes is therefore hard to assess.

The current study sought to overcome these difficulties by
examining glomerular structure in Pima Indians with type II
diabetes. Pima Indians develop type II diabetes at an early age
and are not afflicted by equally early development of hyper-
tension, atherosclerosis, or nondiabetic renal disease (7, 8). In
addition, the onset of diabetes and the magnitude of albumin-
uria in individual Pima subjects have been recorded in the
course of ongoing epidemiologic studies. We were thus able to
examine glomerular structure in Pima subjects in whom the
duration of diabetes and the development of clinically appar-
ent glomerular injury, reflected by albuminuria, were well doc-
umented. An initial aim was to determine if the sequence of
glomerular structural changes in type II diabetes is similar to
that observed in type I diabetes. A key structural finding in
type I diabetes has been that progressive mesangial expansion
contributes to loss of glomerular function (3, 4). The current
study examined whether mesangial expansion follows the
same pattern in type II diabetes. A second aim was to assess
the potential contribution of visceral epithelial cell injury to
the progression of diabetic glomerulopathy. The elaborately
shaped visceral epithelial cell, or podocyte, appears to be inca-
pable of replication in adult animals (9–11). Recent studies
have further suggested that loss of podocytes imposes a bur-
den on the remaining cells, which precipitates the develop-
ment of glomerular sclerosis. These experimental findings
prompted us to assess podocyte number in patients with dia-
betic glomerulopathy.

 

Methods

 

Renal biopsies were performed in 51 Pima Indians with type II diabe-
tes. Subjects were recruited from among those participating in an on-
going study of renal function in type II diabetes (12, 13). For the pur-
poses of the current study, subjects were grouped according to the
duration of diabetes and the extent of glomerular injury as reflected
by the urine albumin to creatinine (A/C)

 

1

 

 ratio. Because our purpose
was to identify structural changes associated with the development of
nephropathy, subjects with advanced renal insufficiency reflected by
GFR values 

 

,

 

 55 ml/min per 1.73 m

 

2

 

 were not enrolled. Renal func-
tion was assessed near the subjects’ home in Arizona as previously
described (12). A urine sample was collected for determination of the
albumin to creatinine ratio and the GFR was measured as the urinary
clearance of iothalamate during diuresis initiated by an oral water
load. Biopsies were performed at the Stanford University Hospital
within 6 mo of functional studies. When more than one functional
study was performed within 6 mo of the biopsy, the results were aver-
aged for correlation with the morphologic findings. Control tissue
was obtained from eight living donor kidneys harvested at Stanford
(14). The ethnic background of the control subjects was predomi-
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nantly Asian in three cases, European in three cases, and Hispanic in
two cases.

Renal biopsy was performed under ultrasound guidance using a
14-gauge needle (Tru-Cut; Baxter Healthcare Corp., Deerfield, IL).
Biopsy cores were embedded in Epon and sectioned serially at 2.5-

 

m

 

m
intervals. Every fourth section was mounted, four sections to a slide,
and stained with toluidine blue so that the entire core could be
viewed at 10-

 

m

 

m intervals. An average of 92 sections were examined
in each subject. Every other mounted section was photographed and
a series of prints (

 

z

 

 40

 

3

 

) were prepared for use as photographic
maps of the serial sections from each core. Only glomeruli contained
entirely within the core, and thus represented completely by serial
profiles on the serial sections, were studied. An average of 20 (range,
5 to 49) of these complete glomeruli were then examined by light mi-
croscopy and categorized as sclerotic or “open.” Glomeruli were clas-
sified as sclerotic if the midsection exhibited complete loss of capillary
structure with solidification of the tuft. The prevalence of sclerotic
glomeruli was multiplied by a factor that ranged from 0.79 to 0.86 in
the different groups to correct for the tendency of sclerotic glomeruli,
which are smaller than open glomeruli, to be included more often in
biopsy cores. Mean values for the volumes of sclerotic and open
glomeruli in each group were used to calculate the correction factor
for that group based on the assumption that biopsy cores are cylindri-
cal. The volumes of individual glomeruli in each subject were calcu-
lated from the areas of their midsections using the maximum planar
area method of Lane et al. (15) and a computer-assisted morphomet-
ric unit (National Institutes of Health Image software). In a subset of
patients, serial profiles of complete glomeruli were further examined
to determine the prevalence of open glomeruli without proximal tu-
bule connections (“atubular glomeruli”) as described by Marcussen
(16). The volume fraction of cortical interstitium was determined by
point counting in five to seven sections spaced 80-

 

m

 

m apart in each
core (17). Diameters of proximal tubules were measured on tubule
cross-sections whose centers fell within randomly chosen cortical
fields (

 

z

 

 20 tubule cross-sections per subject). Measurements were
made along the shortest axis through the center of the tubule section,
and cell height was calculated as half the difference between the
outer and luminal diameters.

Midsections of three open glomeruli from each biopsy were reem-
bedded in Epon and thin-sectioned for examination by electron mi-
croscopy. Montage micrographs of whole profiles of each glomerulus
(

 

z

 

 1,600 to 2,610

 

3

 

) were prepared for measurement of the surface
densities of the peripheral capillary wall and epithelial–mesangial in-
terface as described by Østerby and Gunderson (18). Glomerular
basement membrane thickness was measured on five higher magnifi-
cation electron micrographs (

 

z

 

 9,400

 

3

 

) from each glomerulus using
the orthogonal intercept method of Jensen et al. (19). Volume densi-
ties of glomerular components were determined by point counting on
the montage micrographs (45 cases) or the higher power micrographs
(14 cases). Absolute values for the volumes and areas of the compo-
nents of glomerular structure were then calculated by multiplying the
appropriate densities by values for the glomerular tuft volume. The
average foot process width was determined on the higher power mi-
crographs by dividing the number of slits overlying the peripheral
capillary basement membrane by the length of the membrane in
cross-section, and then multiplying by 

 

p

 

/4 to correct for variation in
the angle of section relative to the long axis of the foot processes (20).
The effects of altered foot process width and basement membrane
thickness on capillary wall hydraulic permeability were estimated us-
ing the model of Drumond and Deen (21) and assuming that the re-
sistance to filtration imposed by the endothelium is negligible.

The average number of podocytes per glomerulus was deter-
mined using the method of Weibel (22). The profile density (

 

N

 

A(Nepi)

 

)
of the podocyte nuclei was first determined on the three montage
glomerular profiles from each subject. The volume fraction (

 

V

 

v(Nepi)

 

)
of podocyte nuclei within the glomerulus was next determined by di-
viding the total nuclear area by the glomerular profile area as deter-
mined by point counting. The number of podocytes per glomerulus

was then obtained by multiplying glomerular volume by the numeric
density (

 

N

 

v(EpiC)

 

) of the podocytes calculated as:

where values for the shape constant 

 

b

 

 are calculated based on the as-
sumption that podocyte nuclei have a prolate spheroid shape (9, 22).
Measurement of the axial ratios of 15 podocyte nuclear cross-sections
in four cases from each group yielded values for 

 

b

 

 of 1.45 in Pima In-
dians and 1.65 in living kidney donors used as controls. The average
number of nonepithelial cells per glomerulus was determined using
the same method with 

 

b

 

 values of 1.50 and 1.56 obtained in Pima In-
dians and controls. The average volumes of individual podocytes and
podocyte nuclei were estimated by dividing total glomerular podo-
cyte volume and podocyte nuclear volume by the mean number of
podocytes per glomerulus.

A one-factor ANOVA and Fisher’s PLSD test for pairwise com-
parisons were used to compare findings in the study groups. Values
for mesangial volume were logarithmically transformed for analysis.
Results are given as the mean

 

6

 

SEM throughout. The study protocol
was approved by the review boards of the participating institutions
and by the Gila River Indian Community Tribal Council (Sacaton, AZ).

 

Results

 

Clinical data are summarized in Table I. Diabetic subjects
were divided into four groups based on the urine A/C ratio
and the duration of diabetes. The first group had early diabe-
tes defined by a disease duration of 

 

# 

 

6 yr and an A/C ratio of

 

# 

 

30 mg/g. The second group had long term normoalbumin-
uria defined by an A/C ratio that remained 

 

# 

 

30 mg/g despite
a disease duration 

 

$ 

 

9 yr. This group was selected to have an
average disease duration similar to that of the third group of
subjects who had microalbuminuria defined by an A/C ratio of
30–300 mg/g. The fourth group of subjects had clinical nephrop-
athy defined by an A/C ratio of 

 

$ 

 

300 mg/g. As expected, the
duration of diabetes was greater in subjects with clinical ne-
phropathy than in subjects with microalbuminuria. There were
no significant differences in age, body weight, and HbA

 

Ic

 

among the diabetic groups. Blood pressure was slightly lower
in subjects with long term normoalbuminuria than in those
with early diabetes or clinical nephropathy. A tendency toward
elevation in blood pressure with the development of clinical
nephropathy may have been obscured by the use of antihyper-
tensive medications. 4 of the 12 subjects with nephropathy were
using antihypertensive agents as compared with only 2 of 17
subjects with microalbuminuria and no subjects in the other
groups. 8 of 12 subjects with clinical nephropathy, however, re-
mained normotensive with mean blood pressure values aver-
aging 99

 

6

 

4 mmHg. Values for GFR in subjects with early dia-
betes, long term normoalbuminuria, and microalbuminuria
were elevated in comparison with values obtained using the
same technique in normal subjects from our local area (23). A
significant reduction in GFR was associated with the onset of
clinical nephropathy, but GFR values in subjects with nephrop-
athy remained within the range observed in normal controls.
Functional evaluation of kidney donors who provided control
tissue for the current study was limited to the finding of normal
values for serum creatinine and 24-h urine protein excretion
(

 

,

 

 150 mg/d).
Features of kidney structure are summarized in Table II.

NV(EpiC)5
1
β
---

(NA(NEpi))
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The development of clinical nephropathy was associated with
a marked increase in the prevalence of global sclerosis. The in-
crease in global sclerosis was associated with typical changes in
open glomeruli, including prominent mesangial expansion and
deposition of hyaline material that accumulated in large nod-
ules in some glomeruli. Collapse of capillary lumina and focal
adhesions of the tuft to Bowman’s capsule were observed
along with mesangial expansion and hyaline deposition in
some glomerular profiles. Increased global sclerosis in subjects
with clinical nephropathy was also accompanied by an increase
in the volume fraction of the cortical interstitium (Vv intersti-
tium) to 28

 

6

 

2% as compared with 22

 

6

 

2% in subjects with
early diabetes. Examination of serial sections in six patients
with clinical nephropathy revealed that this moderate increase
in interstitial volume fraction was not associated with the ap-
pearance of atubular glomeruli.

The appearance of glomerular injury in Pima Indians with
type II diabetes was preceded by an increase in glomerular
volume. Glomeruli were more than twice as large in Pima Indi-
ans with early diabetes as in living kidney donors from the
Stanford area. Glomeruli were even larger in subjects with
long term diabetes, but there was no difference between sub-
jects with microalbuminuria as compared with subjects with
diabetes of equal duration and normoalbuminuria. Of note,
increases in glomerular volume observed in diabetic Pima In-
dians were not associated with parallel increases in proximal
tubule diameter or cell height. The development of clinical

nephropathy was associated with a further increase in glomer-
ular volume to a value 

 

.

 

 50% greater than that seen in early
diabetes. Measurements of glomerular ultrastructure showed
that this increase in total glomerular volume was largely attrib-
utable to an increase in mesangial volume, as illustrated in Fig. 1.
The volume of the mesangium expressed as a percentage of
the total glomerular volume (Vv mesangium) was increased in
subjects with clinical nephropathy in comparison with all other
groups, and exceeded by twofold that in subjects with early di-
abetes. Because glomerular volume increased along with me-
sangial volume, however, this degree of mesangial expansion
did not reduce the peripheral capillary surface area (S

 

PCW

 

) be-
low the level seen in early diabetes. Maintenance of a stable
peripheral capillary surface area during the development of
clinical nephropathy was associated with maintenance of near
constant values for the average volume per glomerulus of cap-
illary lumina, epithelial cells, and endothelial cells (values not
shown). Though it was not attended by a reduction in periph-
eral capillary surface area, the development of clinical ne-
phropathy was associated with changes in the structure of
the capillary wall. Subjects with clinical nephropathy exhibited
widening of epithelial cell foot processes and thickening of the
glomerular basement membrane. Application of the theoreti-
cal model of Drumond and Deen (21) suggested that these
changes were of sufficient magnitude to reduce capillary wall
hydraulic permeability. The model yielded a hydraulic perme-
ability value of 2.4

 

6

 

0.2 

 

3

 

 10

 

2

 

9

 

 m/s per Pa in subjects with clin-

 

Table I. Clinical Characteristics of Biopsy Subjects

 

Early diabetes Long term normoalbuminuria Microalbuminuria Clinical nephropathy Control

 

A/C (mg/g) 11

 

6

 

3 14

 

6

 

2 81

 

6

 

9 2778

 

6

 

770 —

Sex (m/f) 6/4 6/6 6/11 7/5 3/5

Age (yr) 40

 

6

 

4 43

 

6

 

3 41

 

6

 

3 47

 

6

 

3* 34

 

6

 

3

Duration of diabetes (yr) 3

 

6

 

1 14

 

6

 

1 13

 

6

 

1 19

 

6

 

2 —

Weight (kg) 90

 

6

 

4* 80

 

6

 

4 89

 

6

 

4* 92

 

6

 

5* 69

 

6

 

5

HbA

 

Ic

 

 (%) 9

 

6

 

1 11

 

6

 

1 10

 

6

 

1 10

 

6

 

1 —

Mean arterial pressure (mmHg) 95

 

6

 

2 86

 

6

 

2

 

‡

 

92

 

6

 

2 97

 

6

 

3

 

§

 

92

 

6

 

2

Creatinine (mg/dl) 0.67

 

6

 

0.03* 0.64

 

6

 

0.02* 0.62

 

6

 

0.04* 0.92

 

6

 

0.08

 

‡§

 

i

 

0.89

 

6

 

0.10

GFR (ml/min per 1.73 m

 

2

 

) 143

 

6

 

15 143

 

6

 

8 156

 

6

 

10 103

 

6

 

12

 

‡§

 

i

 

—

*

 

P

 

 

 

,

 

 0.05 Pima groups vs. controls, 

 

‡

 

P

 

 

 

,

 

 0.05 vs. early diabetes, 

 

§

 

P

 

 

 

,

 

 0.05 vs. long term normoalbuminuria, and 

 

i

 

P

 

 

 

,

 

 0.05 vs. microalbuminuria.

 

Table II. Summary of Morphometric Studies

 

Early diabetes Long term normoalbuminuria Microalbuminuria Clinical nephropathy Control

 

Global sclerosis (%) 3

 

6

 

1 5

 

6

 

3 5

 

6

 

1 19

 

6

 

4*

 

‡§

 

i

 

6

 

6

 

3

Vv interstitium (%) 22

 

6

 

3 23

 

6

 

2* 25

 

61* 2862*‡ 1761

Glomerular volume (3 106 mm3) 5.460.3* 6.960.5*‡ 6.960.5*‡ 8.560.5*‡§i 2.660.3

Proximal tubule diameter (mm) 4662 4762 4762 4762 4662

Proximal tubule cell height (mm) 1261 1261 1161 1261 1261

Vv mesangium (%) 2162 2562* 2862*‡ 4265*‡§i 1761

SPCW (103 mm2) 535646* 646656* 596655* 511664* 312641

GBM thickness (nm) 427637 500630* 504619* 606644*‡§i 329619

Foot process width (nm) 650623 696625 645631 835651‡§i 737640

*P , 0.05 Pima groups vs. controls, ‡P , 0.05 vs. early diabetes, §P , 0.05 vs. long term normoalbuminuria, and iP , 0.05 vs. microalbuminuria.

Abbreviations: Vv interstitium, volume fraction of the cortical interstitium; Vv mesangium, mesangial volume fraction; SPCW, peripheral capillary sur-

face area; and GBM thickness, glomerular basement membrane thickness.
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ical nephropathy. This value was significantly reduced as com-
pared with the values of 3.160.1, 2.860.1, 2.960.1, and
3.060.1 3 1029 m/s per Pa calculated for Pima subjects with
early diabetes, long term normoalbuminuria, microalbumin-
uria, and controls subjects, respectively.

Subjects with microalbuminuria did not exhibit the marked
changes in glomerular ultrastructure observed in subjects with
clinical nephropathy. Foot process width was not different in
subjects with microalbuminuria than in subjects with early dia-
betes or subjects with long term diabetes who remained nor-
moalbuminuric. Values for mesangial volume fraction and glo-
merular basement membrane thickness were higher in subjects
with microalbuminuria than in subjects with early diabetes, but
only the difference in mesangial volume fraction reached sta-
tistical significance. Moreover, values for these structural pa-
rameters were nearly identical in subjects with microalbumin-
uria and in subjects who had diabetes for a similar period of
time but remained normoalbuminuric. Subjects with microal-
buminuria remained structurally indistinguishable from those
with long term diabetes and normoalbuminuria if the defini-

tion of microalbuminuria were changed to include subjects
with A/C ratios . 60 mg/g (n 5 11), instead of subjects with
A/C ratios greater than 30 mg/g (n 5 17).

Measurements of glomerular cell number are summarized
in Table III. A marked reduction in the number of podocytes
per glomerular tuft was associated with mesangial expansion
and altered capillary wall structure in subjects with clinical
nephropathy. Because glomerular volume increased with the
development of nephropathy, the reduction in podocyte num-
ber was accompanied by an even more marked reduction in
podocyte density expressed as the number of podocytes per
unit tuft volume. Calculation of the average surface area cov-
ered by individual podocytes confirmed that reduction in po-
docyte number was not due simply to obliteration of normal
tuft structure by the expanding mesangium. This calculation
showed that loss of podocytes in patients with clinical ne-
phropathy was associated with an increase in the surface area
covered by each remaining cell. Loss of podocytes was also
accompanied by increases in the volumes of remaining
podocytes and their nuclei. Values for the number of nonepi-

Figure 1. Total glomerular volume 
(whole bar) and mesangial volume 
(filled portion) in the five study 
groups. a, P , 0.05, Pima groups vs. 
controls; b, P , 0.05 vs. early dia-
betes; c, P , 0.05 vs. long term nor-
moalbuminuria; d, P , 0.05 vs. mi-
croalbuminuria.

Table III. Quantitation of Epithelial and Nonepithelial Cells in the Glomerular Tuft

Early diabetes Long term normoalbuminuria Microalbuminuria Clinical nephropathy Control

Epithelial cell number 476632 512641 464634* 351621*‡§i 575645

Epithelial cell density (No./106 mm3) 8966* 7563* 7065* 4363*‡§i 235625

Area per epithelial cell (103 mm2) 1.860.1* 1.960.1* 2.060.1* 2.860.3*‡§i 0.960.1

Epithelial cell volume (103 mm3) 3.160.3* 2.960.2* 3.160.2* 4.160.3*‡§i 1.3560.14

Epithelial cell nuclear volume (mm3) 249613* 22869* 230610* 281617*§i 158610

Nonepithelial cell number 22946204* 29676256* 31536288*‡ 41536266*‡§i 11186122

Nonepithelial cell density (No./106 mm3) 426634 427619 454624 491621 436632

*P , 0.05 Pima groups vs. controls, ‡P , 0.05 vs. early diabetes, §P , 0.05 vs. long term normoalbuminuria, and iP , 0.05 vs. microalbuminuria.

Abbreviations: Area per epithelial cell, average peripheral capillary and mesangial-epithelial surface covered by each epithelial cell.
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thelial cells exhibited a markedly different pattern. The num-
ber of nonepithelial cells increased in proportion with glo-
merular growth in subjects with long term diabetes with
normoalbuminuria and microalbuminuria. A further increase
in nonepithelial cell number accompanied enlargement of
nonsclerosed glomeruli in patients with clinical nephropathy,
so that the density of nonepithelial cells remained the same in
each group.

Measurements of cell number also revealed a prominent
difference between diabetic Pima Indians and Stanford area
controls. Despite having much larger glomerular volumes and
surface areas, the Pima Indians had no more podocytes per
glomerulus. Podocyte density was thus decreased and the sur-
face covered by individual podocytes was increased in the
Pima groups as compared with the control group. The increase
in surface area covered was accompanied by increases in
podocyte cell volume and nuclear volume. The difference in
nuclear structure was readily apparent on inspection of low
power electron micrographs. Podocyte nuclei in Pima subjects
were not only larger, but exhibited more diffuse chromatin and
prominent nucleoli, than podocyte nuclei in Stanford area con-
trols. Nonepithelial cells again presented a different pattern.
Large glomerular size in the diabetic Pima Indians was accom-
panied by an increase in the number of nonepithelial cells so
that cell number per unit volume was the same as in the con-
trols.

Discussion

Proteinuria in European subjects with type II diabetes is asso-
ciated with a variety of glomerular lesions, some of which are
not attributable to diabetes (5, 6). In the current study, albu-
minuria in Pima Indians with type II diabetes was found to be
associated exclusively with structural changes similar to those
described in type I diabetes (3, 4). Presumably, glomerular in-
jury is more homogenous in Pima Indians than in European
subjects with type II diabetes because the Pima Indians de-
velop type II diabetes earlier in life and usually do not become
hypertensive or suffer atherosclerotic vascular disease before
diabetic nephropathy is established (8).

Pima Indians with early diabetes had high values for GFR
and exhibited marked glomerular enlargement in comparison
with local controls. Glomerular capillary surface area was in-
creased along with glomerular volume while the structure of
the capillary wall, as assessed by determination of basement
membrane thickness and foot process width, remained normal.
These findings are consistent with the suggestion first made by
Kroustrup et al. (1) and Østerby et al. (24) that an enlarged
capillary surface area contributes to elevation of the GFR
early in the course of diabetes. It should be noted that micro-
puncture studies have suggested that glomerular hyperfiltra-
tion in diabetic rats is associated with an increase in glomerular
pressure, while the glomerular ultrafiltration coefficient re-
mains normal despite an increase in glomerular volume (25,
26). To date, no structural rearrangement has been identified
that can resolve the apparent paradox of a constant ultrafiltra-
tion coefficient in the face of an increased capillary surface
area.

Pima Indians with diabetes of longer duration but without
clinical nephropathy exhibited a further increase in glomerular
volume. A disproportionate share of the overall increase in
glomerular volume was attributable to enlargement of the me-

sangium. Capillary surface area, however, remained high and
glomerular basement membrane thickness and epithelial cell
foot process width were not significantly increased. Preserva-
tion of capillary surface area and near normal capillary wall
structure were associated with stability of the GFR. In the cur-
rent study, microalbuminuria could not be distinguished from
normoalbuminuria on structural grounds. Epidemiologic stud-
ies have shown that microalbuminuria predicts the develop-
ment of clinical nephropathy in Pima Indians as well as in Eu-
ropean subjects with types I and II diabetes (27, 28). These
observations have prompted investigation of whether microal-
buminuria reveals the presence of glomerular structural injury.
Studies in type I diabetes have suggested that microalbumin-
uria is associated with early mesangial expansion and glomeru-
lar basement membrane thickening (29–32). The extent of
these changes has been modest, however, and subjects with
microalbuminuria have in most cases not been compared with
subjects remaining normoalbuminuric after diabetes of equal
duration. In the current study, mesangial volume fraction and
basement membrane thickness were slightly higher in subjects
with microalbuminuria than in subjects with early diabetes, but
almost identical in subjects with microalbuminuria and sub-
jects who had diabetes for a similar period but remained nor-
moalbuminuric. It is possible that a study including larger
numbers of subjects and comparing fewer groups would have
detected significant structural differences between microalbu-
minuria and long term diabetes with normoalbuminuria. In ad-
dition, subtle changes in capillary structure that are not de-
tected by current morphometric techniques may account for
the appearance of microalbuminuria in subjects in whom me-
sangial volume fraction and basement membrane thickness re-
main the same as in subjects with normoalbuminuria (32).

In contrast with microalbuminuria, clinical nephropathy
was associated with extensive structural changes. The most
prominent of these was global sclerosis. Nephron loss due to
glomerular sclerosis was associated with an increase in the in-
terstitial volume fraction. The extent of interstitial expansion
was modest however, and atubular glomeruli were not ob-
served. These findings suggest that glomerular injury is largely
responsible for the reduction in GFR that accompanies the de-
velopment of clinical nephropathy.

Glomerular sclerosis in subjects with clinical nephropathy
was associated with an increase in the volume of remaining
open glomeruli, as has been observed in type I diabetes (24).
This increase in glomerular volume may have been caused both
by mesangial expansion, which by itself would be expected to
reduce capillary surface area, and by compensatory hypertro-
phy, which would tend to increase the capillary surface in rem-
nant glomeruli. The current results are consistent with the sug-
gestion that the combined effect of these processes is to
maintain stable capillary surface area while glomeruli enlarge
during the initial phase of clinical nephropathy (33). While
capillary surface area per glomerulus remained stable in sub-
jects with clinical nephropathy, the structure of the capillary
wall was markedly altered. In particular, the glomerular base-
ment membrane was thickened and the foot processes of the
overlying podocytes were broadened. Theoretical modeling
suggests that the effect of both these changes, which have pre-
viously been described in type I diabetes, is to reduce glomeru-
lar ultrafiltration capacity per unit area of capillary surface
(21). In the current study, the reduction in GFR associated
with the development of clinical nephropathy could thus be at-
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tributed to a reduction in total capillary surface area caused by
glomerular sclerosis together with changes in the capillary wall
structure of remaining open glomeruli.

The association of modest structural changes with microal-
buminuria and marked changes with clinical nephropathy im-
plies that the progression of diabetic glomerular injury is not
linear with time. As summarized in Fig. 1 and Table II, sub-
jects with microalbuminuria exhibited increases in mesangial
volume and basement membrane thickness of z 75 and 15%
at an average duration of diabetes of 13 yr. Subjects with clini-
cal nephropathy exhibited increases in these parameters of
z 225 and 40% at an average duration of diabetes that was
only 6 yr longer. The design of the current study was cross-
sectional, but longitudinal studies have shown that this interval
is typical of the time required for progression from microalbu-
minuria to macroalbuminuria in the Pima population (28). It
thus appears that mesangial expansion and basement mem-
brane thickening proceed slowly through the phase of micro-
albuminuria, and then accelerate in conjunction with the ap-
pearance of foot process widening and glomerular sclerosis as
clinical nephropathy develops. Results of the current study
suggest that this late acceleration of glomerular injury could be
precipitated by loss of visceral epithelial cells. In the normal
glomerulus, the visceral epithelial cell, or podocyte, is respon-
sible for production of the outer portion of the basement
membrane and for maintenance of the filtration slit structure
that prevents protein escape from the glomerular capillaries
(34, 35). These crucial functions are carried out by a complex
array of interdigitating foot processes that are distant from the
cell body and protein synthetic apparatus. Studies in rats with
reduced nephron number have shown that the elaborately
shaped podocyte is incapable of replication (9, 10). These stud-
ies have shown further that podocytes suffer progressive injury
when obliged to cover an increased surface area. Podocyte in-
jury in this setting is characterized initially by proteinuria and
widening of foot processes and culminates in glomerular scle-
rosis. In the current study, development of clinical nephropa-
thy was associated with a reduction in the number of podo-
cytes per glomerulus, while the total surface area covered by
the podocytes did not change. Remaining podocytes were
obliged to grow and to extend their foot processes to maintain
the area covered. The experimental studies cited above sug-
gest that these podocyte structural changes could precipitate
development of glomerular sclerosis in diabetic patients with
clinical nephropathy.

A number of mechanisms could account for podocyte loss
in diabetes. First, it has been suggested that sustained mechan-
ical stress associated with glomerular hypertrophy and hyper-
tension causes podocyte injury (11). Second, it has been noted
that the podocyte resembles the peripheral neuron in its inabil-
ity to replicate and its obligation to supply elongated processes
from a central cell body (34). The mechanisms responsible for
podocyte injury in diabetic glomerulopathy could thus be re-
lated to those responsible for diabetic neuropathy. Finally, me-
sangial expansion beyond some critical point can presumably
cause closure of capillary loops and obliteration of podocytes.
At present, these potential mechanisms of injury cannot be
distinguished by morphologic techniques and so remain hypo-
thetical. Nevertheless, the current data suggest that loss of
podocytes is associated with acceleration of glomerular struc-
tural injury in patients advancing from microalbuminuria to
clinical nephropathy.

An interesting finding of the current study was that Pima
Indians with early diabetes had larger glomeruli but no more
podocytes per glomerulus than nondiabetic subjects from our
local area. Pima Indians without diabetes were not subjected
to biopsy, so the data do not show whether these differences
are due to diabetes or to ethnic differences between the Pima
Indians and local controls. Previous studies suggest, however,
that a considerable portion of the difference is ethnic. Autopsy
studies have shown that nondiabetic Pima Indians have larger
glomeruli than subjects of European ancestry (36). Moreover,
glomerular volume in Pima Indians was found to be greater
than would be predicted using the relation of glomerular size
to body surface area derived in European subjects (37). Glo-
merular ultrastructure cannot be assessed in the autopsy mate-
rial, so podocyte number in nondiabetic Pima Indians has not
been determined. It seems unlikely, however, that podocyte
number in Pima Indians falls when diabetes develops and then
remains stable over the first decade of the disease, only to de-
cline again as clinical nephropathy develops. Rather, low podo-
cyte number per unit glomerular volume and capillary surface
area would appear to be a characteristic of the Pima popula-
tion. It is tempting to speculate that this characteristic contrib-
utes to the unusually high incidence of clinical nephropathy in
Pima Indians with diabetes (38).

In summary, findings of the current study are consistent
with the conclusion that the same pathologic processes cause
glomerular injury in types I and II diabetes (39, 40). Structural
changes in subjects with microalbuminuria are modest, how-
ever, and do not differentiate these subjects from those who
remain normoalbuminuric after diabetes of equal duration.
Structural changes in subjects with clinical nephropathy are
more pronounced. The reduction in GFR that accompanies
the development of clinical nephropathy can be accounted for
by loss of glomeruli due to sclerosis and changes in the capil-
lary wall structure of remaining open glomeruli. Subjects with
clinical nephropathy also exhibit a reduction in the number of
podocytes per glomerulus and an increase in the surface area
that must be covered by remaining podocytes. These findings
suggest that podocyte loss contributes to the progression of di-
abetic nephropathy.
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