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Abstract
Objective—Roux-en-Y gastric bypass (RYGB) surgery is the most common surgical
intervention for long-term weight loss in morbidly obese patients. By reducing obesity-associated
hyperfiltration, diabetes, and hypertension, RYGB is touted to stabilize if not prevent progression
of chronic renal disease. To test this, we compare renal histology of diet-induced obese rats that
have undergone RYGB surgery to pair-fed and sham obese controls.

Research Methods and Procedures—Sprague-Dawley rats, fed a high fat, low-oxalate diet
to induce gross obesity, were randomized to RYGB (n=6), GI-intact sham-operated obese controls
(Sham, n=4), or GI-intact sham-operated obese pair-fed rats (Fed, n=8). Daily body weight and
food intake were recorded. On post-operative day 42, renal histology and immunohistochemistry
was examined. Renal pathology was assessed by a categorical glomerular lesion score and a
quantitative glomerular/tubular scoring system by experienced veterinary pathologists.
Osteopontin (OPN) and ED-1 (monocyte/macrophage cell) staining were estimated on percentage
of stained area and number of counted cells/high power field respectively.

Results—Compared to sham and fed controls, RYGB rats had significant reductions in body
weight (p<0.001), more glomerular lesions (p=0.02), and received higher glomerular and tubular
lesion scores (p<0.01). RYGB rodents had significantly stronger staining for OPN within the inner
medullary region (p<0.005) and ED-1 within the outer medullary region (P<0.02) compared to
sham and fed controls.
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Conclusions—In this diet-induced obese rat model, RYGB is associated with chronic
glomerulosclerosis and tubulointerstitial nephritis, confirmed by histology and
immunohistochemistry. Prospective studies to better define the injurious mechanisms in this
model are planned.
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INTRODUCTION
Roux-en-Y gastric bypass (RYGB) surgery is the most effective weight loss therapy for
morbidly obese (BMI > 40 kg/m2) and severely obese patients (BMI > 35 kg/m2) with
medical complications, reversing obesity-related co-morbidities such as cardiovascular
failure, diabetes, hypertension, and sleep apnea [1–3]. Because of its successes, RYGB
surgical cases have increased an astonishing 14-fold over the last 10 years, from 14,000 in
1998 to over 200,000 in 2007 [4]. From a renal standpoint, RYGB has been demonstrated in
matched controls to decrease obesity-related hyperfiltration and proteinuria [5]. When taken
with improvements in glycemic and hypertensive control, RYGB is believed by many to
slow progression of chronic kidney disease (CKD) in this population [5,6]. However, its
overall effect on renal structure and function is still debatable, as RYGB surgery is
associated with a number of renal complications including calcium oxalate kidney stone
formation due to hyperoxaluria [7–10], acute on chronic kidney failure [7,8,11], and even
oxalate nephropathy leading to end stage renal disease [7,11].

To better understand the mechanisms involved in surgical weight loss, members of our
group have developed and characterized a diet-induced obese (DIO) rat model of RYGB
surgery similar to that performed in obese humans. Because 14 days in this model is equal to
one human year [12], post-RYGB physiological changes can be studied over a prolonged
period of time with minimal loss of follow-up. Weight loss patterns, metabolic alterations,
and hormonal changes achieved in this model have previously been validated and are similar
to those in humans, making this an extremely reliable model to investigate the effect of
RYGB on a variety of organ systems [13,14]. To our knowledge, no previous study of renal
glomerular or tubular histology has been undertaken in obese rodents following gastric
bypass.

Through weight loss, we hypothesized that obese rodents undergoing RYGB surgery would
have improved renal histology patterns compared to rats that remain obese. We tested this
hypothesis in a pilot study by comparing renal glomerular and tubular histology of RYGB
rodents to sham and pair-fed controls. To evaluate for associated renal inflammation or
injury, renal immunohistochemical stains were performed across all groups.

MATERIALS AND METHODS
Diet, surgery, and weight loss

Animal protocols were approved by institutional review board animal ethics committee.
Starting at 4 weeks of age, 18 Sprague Dawley pups were given a low-oxalate, high-fat and
carbohydrate diet (Levin diet [15]) that provided 4.41 kcal/g (17% protein, 32% fat, 51%
carbohydrate). All diet-induced obese (DIO) rats were then randomized to RYGB (n=6),
sham-operated obese controls (Sham, n=4), or sham-operated obese pair-fed rats (Fed, n=8).
Gastric bypass, described in detail elsewhere [13,16], involved creation of a small gastric
pouch with a proximal gastrojejunostomy. A 30 cm biliary-pancreatic limb was then
anastomosed to the distal jejunum (jejuno-jejunostomy), creating a 10 cm Roux limb and 36
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cm common channel for digestion and absorption. Sham and pair-fed (Fed) rat controls
underwent gastric mobilization without transection. Post-operatively, sham and RYGB
continued on high fat and low oxalate diet ad libitum while pair feds ingested a similar
amount of food as a paired-RYGB rat from the previous day, modeling a restrictive-only
procedure. Daily weights were averaged from each group with standard deviation. Total
weight loss was estimated by dividing total weight lost by pre-surgical weight. On post-
operative day 42, rodents were sacrificed. Kidneys were harvested, weighed, and
immediately submerged in liquid nitrogen for cryopreservation purposes.

Renal histochemistry
To evaluate histology, kidneys were fixed in 10% buffered formalin and paraffin-embedded.
Three-micrometer thick sagittal sections were cut, deparaffinized, stained with Periodic
acid-Schiff (PAS), and viewed by light microscopy. Two separate veterinary pathologists,
blinded to each others’ results, examined glomeruli and tubules across all three rat groups
and scored lesions by two different quantitative methods. First, based on a human jejunoileal
bypass (JIB) study from the 1970’s [17], 300 randomly selected glomeruli were evaluated
for presence or absence of tuft atrophy, Bowman’s capsule changes, peri-glomerular
fibrosis, or membranoproliferative changes. Total results (number positive out of 300) from
both pathologists were averaged and analyzed by Fisher’s exact test. Second, histologic
alterations were evaluated by a lesion scoring system developed by Reinhard et al [18].
Glomerular lesions were again evaluated for the presence or absence of tuft atrophy,
Bowman’s capsule changes, peri-glomerular fibrosis, membranoproliferative changes, tuft
adhesions, sclerosis and/or atrophy to include all the glomeruli on the slide. Lesion scores
were assigned as follows: 0 = no lesions, 1 = less than 10%, 2 = 10 to 25%, 3 = 25 to 50%,
and 4 = greater than 50% of total slide area affected. Similarly, tubular lesions were scored
from across the entire section, including interstitial fibrosis, cellular infiltrates, and tubular
atrophy with thickening of the basement membrane. Lesion scores were assigned as follows:
0 = no lesions, 1 = <25%, 2 = 25 to 50%, and 3 = >50% of total slide area affected. All
lesion scores were analyzed with Kruskall-Wallis test for statistical significance.

Renal immunohistochemistry
Immunohistochemical stains for osteopontin (OPN), a known secretory glycoprotein
upregulated during tubular injury and experimental hyperoxaluria, and ED-1 (macrophage-
derived mononuclear cell stain) were performed on all samples. To better estimate location
of staining, kidneys were divided into renal cortex, outer medulla, and inner medulla. OPN
stain was estimated based on percentage of stained area compared to the kidney section size
on 30 separate high power fields (HPF) from each section of one kidney. ED-1 stain was
estimated on the number of positive-stained cells counted in a 10x field (using high power as
necessary) divided by the number of fields counted (~30/each section of kidney). Counts
were then scored as follows: 0–10 cells = 1; 11–20 cells = 2; 21–30 cells = 3; >30 cells = 4.
Data were compared using ANOVA and t-test. For all results, a p-value of ≤0.05 was
considered significant.

RESULTS
Caloric intake, weight loss, and kidney weight

After 16 weeks on high fat, low-oxalate diet [13,16], DIO rodents weighed 613 g (STD 31
g), roughly twice the weight of standard non-obese rodents. At 21 days post-operative,
average estimate caloric intake was: Sham = 63.6±4.4 kcal/day; RYGB = 18.9±4.5 kcal/day;
and Fed = 23.2±3.9 kcal/day. At 42 days post-operative, average estimated caloric intake
was: Sham = 68.3±4.4 kcal/day; RYGB = 49.3±5.4 kcal/day; and Fed = 42.4±4.9 kcal/day.
By postoperative day 42, Sham controls weighed on average 620 g (±12 g) compared to Fed
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(587±25 g; p<0.1) and RYGB (479±18 g; p<0.001). Pair fed rodents lost ~5% of total body
weight while RYGB rodents lost ~23% of total body weight. The average kidney weight
was 3.5 gm with no significant differences seen among groups (p=0.496).

Glomerular and tubular lesion scoring
Quantitatively, more glomerular lesions (Table 1) were identified in RYGB rodents than in
either Sham or Fed controls (p<0.02). These lesions included tuft atrophy (21%; p<0.0001),
Bowman’s capsule thickening (20%; p<0.001), and membranoproliferative changes (32.7%;
p<0.001). No differences were noted in number of glomeruli with periglomerular fibrosis
across all three groups. Fed group was found to have more membranoproliferative changes
(4.7% vs 12.3%, p=0.0011) when compared to Sham (Table 1). For percentage area scoring,
RYGB rodents demonstrated higher glomerular (p=0.0033) and tubular (p=0.0257) scores
compared to Sham and Fed controls (Figure 1). Representative light-microscopy sections are
demonstrated in Figure 2. This particular Fed rodent (2A) received a total percentage area
glomerular and tubular score of 1. In comparison, RYGB rodent (2B) received a total
percentage area glomerular score of 4 and tubular score of 3. Renal cortical and medullary
calcifications were present in low numbers across all groups with no statistically significant
difference notable.

Immunohistochemistry
Representative osteopontin staining from Sham controls (A) compared to RYGB (B) is
demonstrated in Figure 3. More prominent OPN staining was generally seen throughout all
regions of RYGB kidneys, but statistically significant staining differences were only
identified within the renal tubular epithelium of the inner medullary region of RYGB
rodents compared to Sham and Fed controls (Figure 3C, p<0.005).

Representative ED-1 staining from Fed controls (A) compared to RYGB (B) is
demonstrated in Figure 4. Increased numbers of ED-1 stained cells were seen throughout
RYGB kidneys. Statistically significant differences in ED-1 staining cells were only
identified within the outer medullary region of RYGB rodents compared to controls (Figure
4C, p<0.02).

DISCUSSION
Obesity has been implicated as a cause of chronic renal disease primarily through
hyperfiltration [19] as well as through its co-morbid conditions diabetes and hypertension.
Logically, RYGB-associated weight loss should reverse these conditions and stabilize if not
improve renal histology. The 26% total body weight loss for RYGB, in our study, is
comparable to weight loss noted in long term human studies [2]. A 5% weight loss for pair
feds, while slightly less than expected, is well within reported success rates for long-term
gastric restrictive procedures [2]. The most remarkable finding of this study was the amount
and degree of diverse microscopic alterations within renal glomeruli, tubules, and
interstitium in our RYGB rats 42 days following surgery (~3½ human years) compared to
controls. Because control groups included both obese sham and obese pair-feds, the
degenerative and inflammatory lesions noted in the RYGB group cannot solely be explained
by the presence of obesity nor of weight loss/caloric restriction.

The considerable uniformity of abnormal features within RYGB rodent kidneys suggests a
common pathogenesis related to some bypass-induced alteration. Glomerular and
membranoproliferative changes could be explained by the presence of hypertension or
diabetes, but one would expect the changes to be reversed by a weight loss procedure - not
caused by it. Moreover, this DIO model is not hypertensive, and the mild insulin resistance
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associated with dietary obesity in these rodents has previously been shown to reverse as
soon as two weeks following RYGB [13,14,20]. The infiltration of the renal interstitium
with lymphocytes and monocytes was highest in the outer medulla and well characterized by
ED-1 staining. This is most consistent with interstitial nephritis. Increased tubular
expression of osteopontin, a highly potent chemokine, was noted within the inner medulla, a
major site of OPN-production within the renal tubules. Additionally, the RYGB kidneys
were characterized by increased amounts of tubular atrophy, tubular basement membrane
thickening, and glomerulosclerosis compared to controls – all of which describe chronic
tubulointerstitial nephritis (TIN). Although speculative, the pathogenesis of this TIN is most
likely to be explained by RYGB-associated hyperoxaluria.

Historical jejunoileal bypass (JIB) surgery achieved significant weight loss for the morbidly
obese until it was banned in the late 1970’s due to undesirable side effect profile, including
hyperoxaluria-related renal failure (10%), calcium oxalate nephrolithiasis (29%), and
chronic diarrhea due to malabsorption (29%) [21]. The mechanism of JIB hyperoxaluria has
long been presumed to be enhanced gut mucosal permeability to oxalate (due to excess
colonic bile salts) combined with increased intraluminal oxalate availability, also known as
“enteric hyperoxaluria.” Once absorbed, the excess oxalate is subsequently excreted by the
kidneys. Several human cohort series have described persistent enteric hyperoxaluria years
following RYGB surgery, averaging 80 mg/day in RYGB kidney stone formers [7,8,22,23]
and 58 mg/day in RYGB non-stone formers [24–27]. This moderate hyperoxaluria pales in
comparison to primary hyperoxaluria (>100 mg/day) or JIB surgery (>120 mg/day). Despite
the modest increase, reports of oxalate nephropathy have also been also described for
RYGB, although to a much lesser degree than JIB [7,11]. In the most thorough human case
series to date, Nasr et al [11] reviewed renal histology from 11 patients who underwent
RYGB and developed oxalate nephropathy. In addition to mild to moderate amounts of
interstitial inflammation and tubular atrophy (TIN) seen throughout the biopsy specimens,
more than 30% of all glomeruli (mean of 13.7 per biopsy) were considered “sclerotic.”[11]
Oxalate deposits, predominantly intraluminal, were observed with a mean of 40 deposits per
biopsy.

If the pathogenesis of TIN in this model is due to hyperoxaluria, how is it that no crystal
deposits were noted in the RYGB group of rats? The rat and mouse family is notorious for
their resistance to renal crystal deposition and stone formation, even in the face of severe
hyperoxaluria. Our group and others have previously documented hyperoxaluria,
crystalluria, and renal tubular damage without renal crystal deposition in rats using
hydroxyproline [28,29]. Additionally, interstitial nephritis due to oxalosis without tissue
oxalate deposition has been described in hyperoxaluric human JIB studies, both in patients
who died from JIB oxalate nephropathy and in hyperoxaluric JIB patients with normal renal
function [17,30]. Lastly, oxalate crystals within tissue specimens are often lost during
histologic slide processing. Prospective studies in this model, in particular urine chemistries,
may yield future insights into the mechanisms behind this injury pattern.

One of this study’s largest limitations is the lack of serum and urinary data. We do not know
baseline or post-operative renal function or urinary oxalate levels in these animals.
Therefore, any conclusion made from the renal histology must be considered speculative.
Additionally, given the small number of rodents and single time point for tissue analysis, the
findings are primarily hypothesis generating. Even with these limitations in mind, the
deterioration of glomerular and tubular histology in RYGB rodents is significant and
noteworthy. Future prospective studies in this animal model are being developed to address
both renal function and oxalate concerns. Clinicians are encouraged to continue renal
surveillance in this potentially high risk population.

Canales et al. Page 5

Nutrition. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CONCLUSIONS
Bariatric surgery and renal phenomena are irrevocably linked. Compared to controls, our
model of RYGB surgery led to a significant deterioration in renal histology, including
chronic tubulointerstitial nephritis and glomerulosclerosis. Based on past and present human
data, we speculate that excessive urinary oxalate contributed to these injury patterns. Further
studies in this model as well as in humans are necessary to determine the etiology and best
means of preventing this type of renal complication.
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Figure 1.
Glomerular and renal tubule lesion scoring system. RYGB rodents had significantly higher
glomerular (p=0.0033) and tubular (p=0.0257) scores than Sham and Fed controls. Dark line
represents median value.
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Figure 2.
Representative PAS stained rodent kidney sections. Pair-fed control (A) received a
glomerular score of 1 and a tubular score of 1. RYGB (B) received a glomerular score 4
(large yellow arrow) and tubular score 3 (small dark arrow). 600x magnification with scale
bar = 10 μm.
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Figure 3.
Immunohistochemical detection of osteopontin (OPN) from obese rodent kidney sections.
Representative OPN staining from Sham control (A) compared to RYGB surgery (B). 400x
magnification with scale bar = 100 μm. RYGB group had more % area positive OPN
staining (C) from renal inner medulla than Sham or Fed controls (P<0.005). ). Values
represent mean ± SD of the total OPN stained renal tissue area analyzed by ANOVA
(p<0.01) and Fisher’s (p<0.01).

Canales et al. Page 10

Nutrition. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Immunohistochemical detection of ED-1 from obese rodent kidney sections. Representative
ED-1 staining from Fed control (A) compared to RYGB surgery (B). 400x magnification
with scale bar = 100 μm. RYGB group had higher ED-1 scoring (C) from renal outer
medulla than Sham or Fed controls (p<0.02). Dark line represents median value.
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Table 1

Frequency of glomerular lesions from obese rats. Scores represent percentage positive for each specific lesion
out of 300 randomly chosen glomeruli across all groups.

Lesion
Treatment Group Scores

RYGB Sham Fed

Tuft atrophy 21% † 8.3% 7.7%

Bowman’s capsule thickening 20% † 5.3% 6.3%

Periglomerular fibrosis 8% 5% 4.7%

Membranoproliferative changes 32.7% † 4.7% 12.3% ‡

†
p<0.0001 compared to both Sham and Fed by Fisher’s exact

‡
p=0.0011 compared to Sham by Fisher’s exact
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