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Abstract

Purpose—To determine whether shock wave lithotripsy (SWL) treatment of the kidney of

metabolic syndrome (MetS) pigs worsens glucose tolerance or increases the risk of developing

diabetes mellitus.

Materials and Methods—Nine-month-old female Ossabaw miniature pigs were fed a

hypercaloric atherogenic diet to induce MetS. At 15 months of age, pigs were treated with 2000

SWs or 4000 SWs (24 kV at 120 SWs/min) using the unmodified Dornier HM3 lithotripter. SWs

were targeted to the upper pole calyx of the left kidney so as to model treatment that would also

expose the tail of the pancreas to SWs. Intravenous glucose tolerance tests (IVGTTs) were

performed on conscious, fasting pigs before SWL and at 1 month and 2 months post-SWL with

blood samples taken for glucose and insulin measurement.

Results—Pigs fed the hypercaloric atherogenic diet were obese, dyslipidemic, insulin resistant

and glucose intolerant—consistent with the development of MetS. Assessment of insulin

resistance, glucose tolerance and pancreatic beta cell function from fasting plasma glucose and

insulin levels, and the glucose and insulin response profile to IVGTTs, were similar before and

after SWL.

Conclusions—The MetS status of SWL treated pigs was unchanged 2 months following

treatment of the kidney with 2000 high-amplitude SWs or overtreatment with 4000 high-

amplitude SWs. These findings do not support a single SWL treatment of the kidney as a risk

factor for the onset of diabetes mellitus.
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Introduction

Shock wave lithotripsy (SWL) is a common first-line modality for the treatment of

urolithiasis.1,2 However, this technology is not without unwanted side effects in that renal

SWL can injure the kidney and surrounding organs.3

The pancreas has been implicated as an organ at risk of injury following renal SWL, as

evidenced by elevated plasma and urinary levels of pancreatic exocrine enzymes (e.g.

amylase and lipase),4–9 the occurrence of pancreatic hematomas,4,6 and case reports of acute

pancreatitis.6–9 However, a relationship between SWL and long-term pancreatic dysfunction

had not been established until Krambeck and colleagues at the Mayo Clinic reported the

results of a retrospective 19-year follow up study on stone patients treated with SWL,

finding that such patients had a higher incidence of developing type 2 diabetes (T2D)

compared to stone forming patients treated conservatively.10 Shortly after the publication of

the Mayo Clinic report, there were 2 additional retrospective follow up studies of 17 years or

less of stone patients treated with SWL that did not show a higher incidence of T2D.11,12

With this background of clinical information at hand, we embarked on an animal study to

address the issue of whether SWL treatment could increase the risk of developing T2D. We

used the Ossabaw miniature swine model that develops similar features of human metabolic

syndrome (MetS)13,14—a cluster of factors that includes obesity, insulin resistance, impaired

glucose tolerance, dyslipidemia and hypertension—and examined whether SWL of the

kidney exacerbates the severity of MetS, i.e. increases the risk for diabetes mellitus.

Materials and Methods

Studies were conducted in accordance with the NIH Guide for the Care and Use of

Laboratory Animals and were approved by the Institutional Animal Care and Use

Committees of Indiana University School of Medicine and Methodist Hospital. Seven to

nine-month-old female Ossabaw pigs were fed a hypercaloric atherogenic diet of 1 kg/day to

induce obesity and other features of MetS.13,14 After 6 months on the diet high in fat,

cholesterol, and fructose, the MetS pigs underwent SWL treatment using the unmodified

Dornier HM3 lithotripter. Anesthesia and survival surgery preparation have been described

previously.15 SWs were targeted to an upper-pole calyx of the left kidney (2000 SWs or

4000 SWs, 24 kV, 120 SWs/min). X-ray verification of targeting was done every 500 SWs,

and electrodes were replaced after every 1000 SWs. Intravenous glucose tolerance tests

(IVGTTs) were performed on conscious, fasted pigs a few days before SWL and at 1 and 2

months post-SWL with intravenous blood samples taken for glucose and insulin

measurement.
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IVGTT

Pigs were anesthetized and central venous access gained using a non-surgical procedure to

catheterize the jugular vein.16 Pigs were conditioned to a low-stress restraint sling for 4 days

before the IVGTT. After an overnight fast, conscious pigs were placed in the sling and blood

samples taken from the jugular vein catheter immediately before and at 5, 10, 20, 30, 40, 50

and 60 min after an intravenous bolus of sterile glucose solution (dextrose, 1 g/kg). Blood

samples were collected in sodium heparinized tubes and kept on ice until blood glucose

measurement (YSI 2300 Stat Plus analyzer) and then centrifuged to collect plasma, which

was frozen at −80°C until assayed for insulin (Millipore Corporation, St. Charles, MO).

Fasting blood samples were also collected for serum chemistries (Antech Diagnostics,

Fishers, IN).

IVGTT in the presence of isoproterenol

Three pigs from the 4000 SWs treatment group underwent an additional IVGTT that was

performed 1 to 3 days after the completion of the 2 months post-SWL IVGTT. This final

IVGTT was done in the presence of isoproterenol, an insulin secretagogue, 17 to assess

whether the pigs had additional pancreatic reserve to release insulin above the levels reached

with the glucose challenge alone. Pigs were restrained in slings and sterile (±) isoproterenol

infused into the jugular vein catheter at a rate of 50 ng/kg/min for 90 min. A bolus injection

of sterile glucose solution (1 g/kg) was given at 30 min into the isoproterenol infusion.

Blood samples were taken before and at 20 min and 30 min into the isoproterenol infusion

and at 5, 10, 20, 30, 40, 50 and 60 min after glucose administration.

Pancreas exocrine function

Blood was withdrawn from indwelling jugular vein catheters (see above) in conscious

fasting pigs 1 day before SWL and at days 1, 7 and 28 after treatment. Blood was added to

tubes containing appropriate preservatives and then assayed for pancreatic lipase (clinical

laboratory services at Methodist Hospital, Indianapolis, IN) and pancreatic amylase (ARUP

Laboratories, Salt Lake City, UT).

Pancreas histology and insulin staining

The pancreas was perfusion fixed in situ with 10% phosphate buffered formalin and then

kept in the same fixative for ~2 weeks before being transferred to a 70% ethanol solution.

Pancreatic tail segments were paraffin embedded, serially sectioned at 6 μm intervals, then

immunostained for insulin (rabbit anti-human insulin [Santa Cruz], [1:500]) and

counterstained with hematoxylin as previously described.18 The beta cell area of 24–56

sections from at least six animals in each group was calculated with investigators blinded to

the treatment groups. Additional sections underwent hematoxylin and eosin staining for

histologic assessment. Control pancreatic tail tissue was obtained from Ossabaw pigs of

similar sex, age and MetS phenotype as the SWL-treated pigs fed the same atherogenic diet,

but were not treated with SWL.
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Calculations

Insulin sensitivity was evaluated from fasting plasma values of glucose and insulin

measured on the day of the IVGTT using the homeostasis model assessment for insulin

resistance HOMA-IR = (glucose0 min x insulin0 min)/405, and the quantitative insulin

sensitivity check index QUICKI = 1/(log glucose0 min + log insulin0 min).19 From the IVGTT

the following parameters were calculated: modified homeostatic model assessment of

insulin resistance (HOMA-IRIVGTT = product of plasma glucose and insulin concentration);

area under the curve (AUC) for glucose and insulin; acute insulin response to glucose (AIRG

= insulin5 min − insulin0 min); glucose tolerance (KG = −slope of ln(glucose)5–20 min x 100);

beta cell function (BCFIVGTT = AIRG/(glucose5 min − glucose0 min); IVGTT insulin

sensitivity index (S2 = KG/((AUCinsulin(0 – 20 min)/20 min) x Vd) where Vd = injected

glucose dose/(glucose peak x body weight); disposition index (DIIVGTT = AIRG x S2).20,21

Statistical analysis

Continuous variables were summarized by means and standard errors of the means (SEMs).

Student’s t-tests were used for comparisons between two groups. Repeated measures

ANOVA were used to compare pre- and post-SWL values. In comparing the pancreatic beta

cell areas, repeated measures ANOVA was used on the original measures, and rank-based

nonparametric ANOVA was used on the minimal values of each segment block. Bootstrap

was used to generate the p-value for the latter approach.22

Results

Blood Chemistry

Table 1 shows the serum chemistry profile of fasting pigs that were fed the hypercaloric

atherogenic diet for 6 months and similar aged Ossabaw pigs fed a normal diet. Pigs fed the

hypercaloric atherogenic diet were obese, hyperglycemic (i.e. impaired glucose tolerance),

hyperinsulinemic (i.e. insulin resistant) and dyslipidemic (elevated levels of cholesterol and

triglycerides)—hallmarks of the MetS phenotype.13,14 Serum liver enzymes were also

elevated indicative of liver abnormalities.13

Abdominal anatomy of the pig

Figure 1 shows a computed tomography image of the anatomical orientation of the pancreas

and left kidney in an 18-month-old obese female MetS Ossabaw pig. The tail of the pancreas

lies in close proximity to the anterior surface of the upper pole of the left kidney—both

regions being within the blast path of the SW generated from the HM3 lithotripter.

Consequently, SWs targeted to this region of the left kidney had the potential to also injure

the pancreas.

IVGTT

Figure 2 illustrates the mean glucose and insulin response profile to an IVGTT in the MetS

pigs prior to SWL treatment. Shown for comparison is the corresponding responses in

Ossabaw lean pigs of similar age fed a normal diet. The MetS pigs demonstrated higher
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peak glucose and insulin responses to the intravenous glucose challenge, indicative of robust

impaired glucose tolerance and insulin resistance.

Fasting levels of plasma glucose and insulin of MetS pigs, as well as their response profile

to an IVGTT, were similar before and at 1 month and 2 months after SWL treatment with

2000 SWs or 4000 SWs (Table 2, Figure 3). Calculation of indexes of insulin sensitivity,

pancreatic beta cell function and glucose tolerance from fasting plasma glucose and insulin

values, as well as IVGTT glucose and insulin kinetics, demonstrated that SWL treatment did

not alter the severity of MetS, regardless of the delivered SW dose (Table 3).

IVGTT ± isoproterenol

Figure 4 depicts the individual insulin responses to IVGTTs performed in 3 pigs at 2 months

post-treatment with 4000 SWs and repeated in the presence of isoproterenol (an insulin

secretagogue). Fasting plasma insulin levels were 23, 13 and 13 μU/ml and rose during the

initial 30-min of isoproterenol infusion to 77, 74 and 27 μU/ml, respectively. The IVGTT in

the presence of isoproterenol resulted in the peak insulin response being nearly doubled in 2

pigs and marginally elevated in 1 pig. Overall, the data suggest that the SWL-treated MetS

pigs have pancreatic insulin reserves.

Assessment of pancreatic injury

Pancreas exocrine function—As shown in Table 4, kidneys exposed to 2000 SWs were

associated with a transient rise in serum amylase and lipase of ~20% within 1 day after

SWL, with amylase remaining elevated at 7 days post-treatment. Renal SWL with 4000

SWs was also associated with ~25% elevation in serum lipase at post-treatment day 1,

whereas serum amylase rose only ~8% at post-treatment day 28.

Pancreas histopathology—Micrographs of pancreatic tail tissue are shown in Figure 5.

No pathological changes were noted in any pancreatic cell type of control MetS (no SWL)

pigs (panel A). Two different types of injury were found in both SW-treated MetS groups.

The first type of tissue injury was highly focal in location and was characterized by cellular

necrosis of centroacinar cells within a grouping of pancreatic acini, injured acini surrounded

and infiltrated with many inflammatory cells, and complete cell loss in some acini (panels B
and C). This first type of injury was detected in the 2000 SW (2 of 7 pigs) and 4000 SW (1

of 7 pigs) groups. The second type of injury was characterized by a focal intra-parenchymal

hematoma (panels D–F) and detected in the 2000 SW (1 of 7 pigs, hematoma measuring 6

mm in width is shown in panel D) and 4000 SW (3 of 7 pigs; hematomas measuring 10 to 18

mm in width with an example shown in panel F) groups. All hematomas occupied the

central region of the pancreatic lobule and were walled off from a peripheral rim of normal

appearing acinar cells by a fibrotic band or capsule (panel E). Within the boundaries of the

hematoma, all acinar cells appear destroyed leaving islands of islets of Langerhans and

various sized ductal and vascular profiles surrounded by chronic inflammatory cells (inserts
in panels E and F).

Insulin-immunoreactive beta cell area—A box plot of % beta cell areas calculated

from insulin stained pancreatic tail tissue sections is shown in Figure 6. The majority of data
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points in the 4000 SW-treated pigs were clustered at lower beta cell area values than the

control and 2000 SW-treated pigs. No differences were found on analyzing all three groups

(P = 0.1320), whereas comparing the control versus 4000 SW-treated groups gave a P-value

that approached statistical significance (P = 0.0752). There was a clear trend for a loss of

insulin-containing beta cells within the pancreatic tail after renal SWL at the highest SW

dose.

Discussion

Ossabaw pigs were fed a hypercaloric atherogenic diet for over 6 months and developed

robust features of MetS similar to those found in patients—that is, obesity, dyslipidemia,

hyperinsulinemia and impaired glucose tolerance, with such atherogenic diet fed pigs

previously shown to develop hypertension.13,14 We used this well-characterized porcine

model of MetS 14 to assess whether SWL treatment of the kidney exacerbates the severity of

MetS.

The spatial orientation of the kidneys and pancreas of the pig is similar to that of the human

—the head of the pancreas lies adjacent to the hilum of the right kidney with the pancreatic

body crossing the anterior surface of the left kidney just above its hilum, over which it tapers

into the pancreatic tail.23 Because of this anatomical arrangement, SWs delivered by the

HM3 lithotripter to an upper pole calyx of the pig’s left kidney has the potential to injure the

pancreatic tail as a side effect of SW treatment. The tail of the pancreas is rich in insulin

containing beta cells with estimates of insulin content being up to 2-fold greater than in the

pancreatic head, neck or body.24,25 Therefore, destruction and failure of pancreatic insulin

containing beta cells by SWL treatment, and by the subsequent inflammatory response,

could potentially reduce pancreatic insulin reserves to such an extent that it would lead to

further progression of the MetS phenotype, thereby accelerating the onset of diabetes

mellitus.

Pancreatic lipase—and to a lesser extent pancreatic amylase—was consistently elevated

immediately after renal SWL and then decreased and normalized promptly. Others have also

shown similar temporal profiles for serum lipase and amylase after renal SWL.5,7,8 The rise

in serum markers of pancreatic exocrine function observed in the present study likely

reflects pancreatic trauma as collateral damage of renal SWL, but they remained within or

close to normal limits. Regardless, we were able to confirm injury to the pancreatic tail

histologically—sites of hemorrhage, chronic inflammation, loss of normal cell integrity,

fibrotic regions and loss of insulin-immunoreactive beta cells. However, the degree of tissue

injury was such that pigs were asymptomatic, which is in keeping with acute pancreatic

complications being a rare event following renal SWL.9

SWL treatments did not influence fasting levels of plasma glucose and insulin as well as

their kinetic response to an intravenous glucose challenge in MetS pigs—that is, glucose

tolerance and insulin sensitivity were unchanged during the 2 month follow up period. Of

particular note is that SWL did not significantly alter the disposition index, which is an

integrated measure of the relationship between beta cell function and insulin sensitivity—i.e.

insulin secretion and insulin action. A fall in the disposition index would reflect progression
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towards further glucose intolerance and diabetes,26 which clearly did not occur after SWL at

either SW dose.

The motivation for our experimental animal study was the clinical report that SWL of renal

and proximal ureteral stones was associated with the development of T2D.10 In a 19-year

follow up study of a referral-based cohort of 288 adult patients treated with a median

number of 1100 SWs at 20 kV using the HM3 lithotripter, Krambeck and colleagues from

the Mayo Clinic reported a three-fold higher incidence of developing T2D compared to

stone formers treated conservatively—T2D risk being related to the number of SWs

administered and the total intensity of SWL treatment in a single session.10 These findings

raised the concern that SWL may have long-term harmful effects. More recently, the same

group of investigators failed to demonstrate an association between SWL and the onset of

T2D in a population-based cohort of 423 adult patients during a mean follow up of ~9

years.27 Others have also reported no change in the incidence of T2D in adult patients whose

kidney stones were treated with SWs using the HM3 or Medstone STS lithotripter, with

follow ups that were of a 6 year,12 17 year 11 or 20 year duration.28 A group of 70 pediatric

patients (mean age of 6.5 years old) with renal stones were treated with single or multiple

SWL sessions using the Doli S or MFL 5000 lithotripters, and had normal blood sugar

values over a mean follow up period of ~5 years—that is, no patient developed T2D after

SWL.29 All these clinical studies were retrospective reviews using patient completed

questionnaires, medical records and diagnostic codes; an assortment of control groups

including kidney stone patients treated non-surgically, ureteral stone patients treated with

SWL, and information gathered from background general population surveys; and as such

have inherent weaknesses and limitations as discussed in each article. Despite the fact that

we treated the kidneys of MetS pigs with SW doses that were higher than the clinical norm,

and at SW doses that consistently damaged the kidney (not shown), our findings are in

keeping with the growing clinical consensus that the long-term risk of T2D from renal SWL

is likely negligible.

Our study is not without limitations in that the follow-up period after SWL was only 2

months. This short timeframe did not allow us to fully address whether damage to the

pancreas by SWL accelerated the progression to T2D, only that SWL did not cause further

impairment of glucose tolerance, beta-cell function or insulin sensitivity. In fact, the

isoproterenol plus IVGTT experiments demonstrated that substantial pancreatic insulin

reserves still remained in the SWL-treated MetS pigs, and together with the relatively small

focal areas of pancreatic injury after SWL likely accounts for the unaltered MetS phenotype.

No doubt, if pancreatic insulin reserves were severely compromised then any significant

SWL-induced pancreatic injury—whether from single or multiple SWL sessions—could

have functional consequences. Combining the 2000 SW and 4000 SW data sets to increase

the sample size did not uncover any SWL-mediated changes in metrics of insulin secretion

and action. Euglycemic-hyperinsulinemic and hyperglycemic-hyperinsulinemic clamp

methods are regarded as the “gold standard” for measures of insulin sensitivity and beta cell

function, respectively 20 —nevertheless, the less complicated and easily repeatable IVGTT

was employed in the present study to provide acceptable estimations of these

measures.20,21,30 Finally, there is a lack of information on the degree of pancreatic injury
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that is necessary to induce further glucose intolerance and progression to T2D in the MetS

pig model.

In summary, we provide biochemical and histologic evidence that SWL treatment of the

upper pole of the left kidney can injure the pancreatic tail and mildly reduce insulin

containing beta cells in MetS pigs. However, this degree of injury was insufficient to alter

measures of glucose tolerance and insulin sensitivity during the 2 months of follow up.

Therefore, renal SWL does not exacerbate features of MetS—this was the case even after

overtreatment of the kidney with 4000 high-amplitude SWs. These findings do not support a

single session of SWL as a risk factor for worsening of glucose tolerance or the onset of

diabetes mellitus.
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Figure 1.
Abdominal computed tomography image of an 18-month-old obese female MetS Ossabaw

pig on hypercaloric atherogenic diet for 12 months. Image was acquired with a published

scanning protocol.16 The extreme obesity of the pig is evident from the several cm of

subcutaneous and visceral fat. * = tail of pancreas, K = upper pole of left kidney, S =

subcutaneous fat, V = visceral (intra-abdominal) fat. Arrow indicates the direction of SW

propagation.
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Figure 2.
IVGTT in lean and obese (MetS) Ossabaw pigs. Intravenous glucose bolus was given at 1

g/kg body weight. * = P<0.05 from corresponding value in control (lean pig) group. Data

shown are mean ± SEM.
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Figure 3.
IVGTT in MetS pigs before and after SWL. Shown are the plasma glucose and insulin

responses and the calculated modified homeostatic model assessment of insulin resistance

(HOMA-IRIVGTT = product of plasma glucose and insulin concentration). Intravenous

glucose bolus was given at 1 g/kg body weight. Data shown are mean ± SEM.
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Figure 4.
IVGTT in 2 month post-SWL treated MetS pigs and then repeated ~1 day later during the

intravenous infusion of isoproterenol (insulin secretagogue).

Handa et al. Page 13

J Urol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Pancreatic tail histology. Panel A is from a control MetS pig and shows islets of Langerhans

(arrows), pancreatic acinar cells (arrowhead), interlobular ducts (double arrow), fat cells

(double arrowhead) and interlobular septum (asterisk). Panel B shows the first type of

injury, which is focal (outlined by arrowheads) and characterized by cellular necrosis of

acini (arrows). Panel C is at higher magnification and shows necrotic centroacinar cells

(arrowheads), complete loss of acinar cells (arrows) and infiltrating inflammatory cells

(double arrowheads). Panels D–F show the second type of injury, which is characterized by

a focal intra-parenchymal hematoma (arrows) that is separated from surrounding normal

appearing tissue (arrowheads) by a fibrotic band or capsule (double arrows in panel E which

is an enlargement of the box shown in panel D). Islands of islets of Langerhans (asterisk),

and various sized ductal and vascular profiles (double arrowheads) surrounded by chronic

inflammatory cells are seen within the boundaries of the hematoma (Panels D–F). Inserts in

panels E and F show chronic inflammatory cells around an artery. Insert in panel F also

shows several islets of Langerhans (asterisk) near the vascular cuffs.
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Figure 6.
A box plot of % beta cell area measured in insulin immunostained pancreatic tail tissue

sections from the MetS control (24 data points from 6 pigs), 2000 SW-treated (56 data

points from 7 pigs) and 4000 SW-treated (56 data points from 7 pigs) groups. Median value

represented by midline within the box; interquartile range (25%–75% of data values)

represented by the height of box; lowest and largest non-outlier values represented by end of

whiskers.
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Table 1

Fasting serum chemistry profile of lean and MetS Ossabaw pigs.

Lean (n = 8–9) MetS (n = 12–14) P value

Gender (Male/Female) Female Female

Age (months) ~ 15 ~ 15

Atherogenic diet duration (months) Not applicable ~ 6

Body Wt. (kg) 48 ± 2 86 ± 2 <0.0001

Glycemic measures:

Glucose (mg/dL) 66 ± 2 81 ± 3 0.0003

Insulin (μU/ml) 10 ± 2 22 ± 4 0.0128

Plasma lipids:

Cholesterol (mg/dL) 62 ± 2 503 ± 58 <0.0001

Trigylcerides (mg/dL) 17 ± 1 52 ± 8 0.0016

Liver biochemistries:

AST (IU/L) 27 ± 3 54 ± 7 0.0039

ALT (IU/L) 28 ± 3 69 ± 8 0.0003

ALP (IU/L) 79 ± 13 165 ± 24 0.0064

GGT (IU/L) 27 ± 1 71 ± 7 0.0001

Muscle biochemistries:

CPK (IU/L) 479 ± 54 568 ± 149 0.5846

Values are mean ± SEM. Normal and atherogenic diet compositions provided an average energy intake of ~2500 and ~6000 kcal/day with 10.5%

and 46% of calories from fat sources, respectively.13 AST = aspartate aminotransferase, ALT = alanine aminotransferase, ALP = alkaline
phosphatase, GGT = gamma-glutamyl transpeptidase, CPK = creatinine phosphokinase
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Table 2

Body weight, food intake, and fasting glycemia of SWL-treated MetS pigs.

Pre-SWL Post-SWL (1 month) Post-SWL (2 month)

Body wt. (kg)

SWL at 2000 SWs (n=7) 89 ± 2 94 ± 3* 100 ± 4*†

SWL at 4000 SWs (n=7) 84 ± 3 87 ± 2* 94 ± 2*†

SWL (2000 & 4000 SW data combined, n=14) 86 ± 2 91 ± 2* 97 ± 2*†

Estimated cumulative food intake (kg)

SWL at 2000 SWs 213 ± 3 243 ± 3* 268 ± 4*†

SWL at 4000 SWs 178 ± 2 206 ± 2* 234 ± 2*†

SWL (2000 & 4000 SW data combined) 196 ± 5 225 ± 5* 251 ± 5*†

Fasting plasma glucose (mg/dL)

SWL at 2000 SWs 80 ± 2 79 ± 4 78 ± 5

SWL at 4000 SWs 81 ± 6 75 ± 3 79 ± 3

SWL (2000 & 4000 SW data combined) 80 ± 3 77 ± 3 78 ± 3

Fasting plasma insulin (μU/ml)

SWL at 2000 SWs 22 ± 3 21 ± 4 22 ± 4

SWL at 4000 SWs 20 ± 7 15 ± 3 16 ± 3

SWL (2000 & 4000 SW data combined) 21 ± 4 18 ± 2 19 ± 2

Data shown are mean ± SEM.

*
P < 0.05 from pre-SWL value;

†
P <0.05 from 1 month post-SWL value.
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Table 3

Glycemia of SWL-treated MetS pigs.

Pre-SWL Post-SWL (1 month) Post-SWL (2 month)

Fasting:

HOMA-IR

SWL at 2000 SWs (n=7) 4.35 ± 0.64 4.05 ± 0.76 4.51 ± 1.08

SWL at 4000 SWs (n=7) 4.65 ± 2.10 2.76 ± 0.41 3.19 ± 0.69

SWL (2000 & 4000 SW data combined, n=14) 4.51 ± 1.12 3.40 ± 0.45 3.85 ± 0.64

QUICKI

SWL at 2000 SWs 0.316 ± 0.006 0.319 ± 0.006 0.316 ± 0.007

SWL at 4000 SWs 0.324 ± 0.010 0.332 ± 0.008 0.327 ± 0.007

SWL (2000 & 4000 SW data combined) 0.320 ± 0.006 0.326 ± 0.005 0.322 ± 0.005

IVGTT:

AUCglucose/AUCinsulin

SWL at 2000 SWs 2.58 ± 0.34 3.42 ± 0.94 2.48 ± 0.57

SWL at 4000 SWs 2.90 ± 0.34 2.46 ± 0.17 2.58 ± 0.27

SWL (2000 & 4000 SW data combined) 2.74 ± 0.23 2.94 ± 0.48 2.53 ± 0.30

KG (min−1)

SWL at 2000 SWs 3.61 ± 0.54 2.91 ± 0.38 3.50 ± 0.44

SWL at 4000 SWs 3.89 ± 0.39 3.39 ± 0.35 3.32 ± 0.28

SWL (2000 & 4000 SW data combined) 3.76 ± 0.31 3.15 ± 0.26 3.41 ± 0.25

AIRG (pmol/L)

SWL at 2000 SWs 525 ± 80 566 ± 78 564 ± 60

SWL at 4000 SWs 446 ± 34 501 ± 42 465 ± 38

SWL (2000 & 4000 SW data combined) 492 ± 43 534 ± 43 514 ± 37

BCF (pmol/mmol)

SWL at 2000 SWs 12.43 ± 2.15 13.96 ± 2.03 12.22 ± 1.31

SWL at 4000 SWs 9.74 ± 0.95 11.18 ± 0.86 10.33 ± 1.19

SWL (2000 & 4000 SW data combined) 11.24 ± 1.19 12.57 ± 1.13 11.28 ± 0.89

S2 (ml·min−1·pM−1·kg−1)

SWL at 2000 SWs 0.64 ± 0.09 0.72 ± 0.14 0.63 ± 0.10

SWL at 4000 SWs 0.79 ± 0.08 0.66 ± 0.09 0.67 ± 0.07

SWL (2000 & 4000 SW data combined) 0.72 ± 0.06 0.69 ± 0.08 0.65 ± 0.06

DI

SWL at 2000 SWs 330 ± 56 372 ± 55 337 ± 47

SWL at 4000 SWs 337 ± 17 319 ± 35 300 ± 26

SWL (2000 & 4000 SW data combined) 330 ± 28 346 ± 32 318 ± 26

HOMA-IR = homeostasis model assessment for insulin resistance; QUICKI = quantitative insulin sensitivity check index; AUC = area under the
curve for glucose and insulin; KG = glucose tolerance; AIRG = acute insulin response to glucose; BCF = beta cell function; S2 = insulin sensitivity
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index; DI = disposition index. Equations for each glycemic measure are described in the Calculations section in Methods and Materials. Data
shown are mean ± SEM.
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Table 4

Effect of renal SWL on serum pancreatic enzyme levels of SWL-treated MetS pigs.

Serum Amylase (μU/ml) Serum Lipase (μU/ml)

Treatment with 2000 SW (n=8)

Day −1 (Pre-SWL) 2176 ± 254 9.9 ± 0.0

Day +1 2504 ± 300* 12.2 ± 0.7*

Day +7 2367 ± 224* 10.1 ± 0.2

Day +28 2143 ± 309 10.1 ± 0.2

Treatment with 4000 SW (n=8)

Day −1 (Pre-SWL) 1513 ± 241 12.7 ± 0.9

Day +1 1559 ± 224 15.9 ± 1.3*

Day +7 1543 ± 235 13.0 ± 1.0

Day +28 1634 ± 307* 12.6 ± 1.0

Mean ± SEM values are shown. A value of 9.9 was assigned to all lipase measurements below the threshold of detection of 10 μU/ml.

*
P<0.05 from pre-SWL value.
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