
Mechanistic insights into air pollution and 
Type 2 diabetes. 

HEI Conference April 30, 2018 

Sanjay Rajagopalan, MD



58-year-old patient with Type 2 Diabetes Mellitus 
(T2DM): HbA1c=7.5 and Blood Pressure (BP)=135/80

10-year Cardiovascular (CV) event = 5%



Natural History of T2DM

Defronzo & Felber. Diabetes. 1988; 37: 667-687 and Metabolism. 1990; 39: 1068-75.
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OGTT = oral glucose tolerance test
OB = obese    NGT = no glucose intolerance      
IGT = initial glucose intolerance     
INS = insulin resistant 



De Fronzo’s Ominous Octet 

Multiple defects contribute to the progression of 
type 2 diabetes mellitus

Adapted from De Fronzo RA. Diabetes. 2009;58:773-95.
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IF TRADITIONAL RISK FACTORS 
WERE WORSENED BY AIR 
POLLUTION… THE GLOBAL RISK 
POSED WOULD BE EVEN 
LARGER…



Zone 1
Well characterized

health effects of 
well studied pollutants.

Zone 2
Emerging, but still unqualified,

(Hypertension, diabetes, 
and others)

Zone 3
Inadequate characterized health effects 

of emerging pollutants.

Number of Pollution 
Related Deaths = 9 Million

Number of Pollution 
Related Deaths = ?

Landrigan P et al. The Lancet Commission on pollution and health Lancet. 2017 Oct 17.

If traditional risk 
factors WERE 

WORSENED BY 
AIR POLLUTION…

the global risk posed 
would be even 

larger…

Number of Pollution 
Related Deaths = ?



How may Air Pollution Cause Type 2 DM?

Rao X et al. Toxicol Sci. 2015 Feb;143(2):231-41

M = macrophage
T = T cell 
GLUT =  glucose transporter



• Chronic low level inflammation represents a convergent 
pathway for multiple diseases 

• Cellular inflammation has emerged as a primary determinant of 
many components of the metabolic syndrome
Hotamisligil G et al. Nature 2006; 444; 86-67; Shoelson S et al. JCI 2006; 116; 3015-26; Olefsky et al. Ann Rev Physiol 2010; 72; 1-28



Chronic PM2.5 Ambient Exposures (20 wk) Potentiates 
Inflammation/Insulin Resistance in Mice
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Sun Q, Yue et al. Circulation 2009; 119(4):538-46. 
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FA = filtered air   PM = particulate matter SVF = ??


Chart1

		FA		0.067976955

		PM		0.1404268099



Insulin (ng/ml)

0.2051034607

0.5895601396



Sheet1

		

		Insulin Standard

		ng/ml		OD450		OD630		B-C				OD450		OD630		B-C

		6.4		0.845		0.037		0.808				0.896		0.037		0.859		0.8335				6.4		0.8335

		3.2		0.443		0.036		0.407				0.506		0.037		0.469		0.438				3.2		0.438

		1.6		0.282		0.038		0.244				0.288		0.037		0.251		0.2475				1.6		0.2475

		0.8		0.16		0.036		0.124				0.171		0.037		0.134		0.129				0.8		0.129

		0.4		0.111		0.036		0.075				0.114		0.036		0.078		0.0765				0.4		0.0765

		0.2		0.083		0.035		0.048				0.087		0.035		0.052		0.05				0.2		0.05

		0.1		0.075		0.037		0.038				0.074		0.035		0.039		0.0385				0.1		0.0385

		0		0.061		0.034		0.027				0.061		0.035		0.026		0.0265				0		0.0265

		Samples		OD450		OD630		B-C		Concentration

		FA3-0		0.129		0.036		0.093		0.5059288538

		FA3-30		0.141		0.037		0.104		0.5928853755

		FA3-60		0.136		0.036		0.1		0.5612648221						Min		FA3		FA4		FA5		FA6		Average		STD		SEM		P

		FA3-90		0.14		0.037		0.103		0.5849802372						0		0.5059288538		0.1739130435		0.2134387352		0.2213438735		0.2786561265		0.1529291867		0.0764645934

		FA3-120		0.188		0.035		0.153		0.9802371542						30		0.5928853755		0.1660079051		0.4664031621		0.1106719368		0.3339920949		0.2328440125		0.1164220063

		FA4-0		0.086		0.035		0.051		0.1739130435						60		0.5612648221		0.1739130435		0.5375494071		0.1739130435		0.3616600791		0.2170076864		0.1085038432

		FA4-30		0.084		0.034		0.05		0.1660079051						90		0.5849802372		0.4822134387		0.5533596838		0.1501976285		0.442687747		0.1996732164		0.0998366082

		FA4-60		0.086		0.035		0.051		0.1739130435						120		0.9802371542		0.442687747		0.6324110672		0.3003952569		0.5889328063		0.2941943726		0.1470971863

		FA4-90		0.126		0.036		0.09		0.4822134387

		FA4-120		0.123		0.038		0.085		0.442687747								PM3		PM4		PM5		PM6

		FA5-0		0.092		0.036		0.056		0.2134387352						0		0.4031620553		0.7747035573		0.2845849802		0.3873517787		0.4624505929		0.2147037125		0.1073518563		0.2126136546

		FA5-30		0.124		0.036		0.088		0.4664031621						30		0.1818181818		0.1976284585		0.4980237154		0.4031620553		0.3201581028		0.1556462654		0.0778231327		0.9245245882

		FA5-60		0.132		0.035		0.097		0.5375494071						60		0.1501976285		0.1739130435		0.5059288538		0.4031620553		0.3083003953		0.1742719975		0.0871359988		0.7146128825

		FA5-90		0.134		0.035		0.099		0.5533596838						90		0.2292490119		0.3003952569		0.5612648221		0.5059288538		0.3992094862		0.159480166		0.079740083		0.7452439166

		FA5-120		0.144		0.035		0.109		0.6324110672						120		0.3241106719		0.347826087		0.5059288538		0.5691699605		0.4367588933		0.1196046821		0.0598023411		0.3748980315

		FA6-0		0.092		0.035		0.057		0.2213438735

		FA6-30		0.079		0.036		0.043		0.1106719368								FA+LA1		FA+LA2		FA+LA3		FA+LA4

		FA6-60		0.089		0.038		0.051		0.1739130435						0		0.2292490119		0.1185770751		0.0869565217		0.3241106719		0.1897233202		0.1083897961		0.054194898

		FA6-90		0.083		0.035		0.048		0.1501976285						30		0.0632411067		0.1422924901		0.2134387352		0.5849802372		0.2509881423		0.2309576957		0.1154788478

		FA6-120		0.103		0.036		0.067		0.3003952569						60		0.1106719368		0.1739130435		0.3557312253		0.4268774704		0.266798419		0.1489267361		0.074463368

		PM3-0		0.115		0.035		0.08		0.4031620553						90		0.1422924901		0.2371541502		0.1660079051		0.442687747		0.2470355731		0.1365210754		0.0682605377

		PM3-30		0.089		0.037		0.052		0.1818181818						120		0.4664031621		0.2371541502		0.2134387352		0.4822134387		0.3498023715		0.1442371868		0.0721185934

		PM3-60		0.085		0.037		0.048		0.1501976285

		PM3-90		0.094		0.036		0.058		0.2292490119								PM+LA3		PM+LA4		PM+LA5

		PM3-120		0.106		0.036		0.07		0.3241106719						0		0.4664031621		0.1818181818		0.1818181818				0.2766798419		0.1643052149		0.0821526075

		PM4-0		0.165		0.038		0.127		0.7747035573						30		0.3873517787		0.4743083004		0.1660079051				0.3425559947		0.1589568499		0.0794784249

		PM4-30		0.089		0.035		0.054		0.1976284585						60		0.2134387352		0.4901185771		0.2213438735				0.3083003953		0.1575087656		0.0787543828

		PM4-60		0.086		0.035		0.051		0.1739130435						90		0.442687747		0.4901185771		0.1343873518				0.3557312253		0.1931508573		0.0965754286

		PM4-90		0.102		0.035		0.067		0.3003952569						120		0.5296442688		0.3241106719		0.3557312253				0.4031620553		0.1106719368		0.0553359684

		PM4-120		0.108		0.035		0.073		0.347826087

		PM5-0		0.104		0.039		0.065		0.2845849802

		PM5-30		0.127		0.035		0.092		0.4980237154

		PM5-60		0.129		0.036		0.093		0.5059288538

		PM5-90		0.138		0.038		0.1		0.5612648221						FA		PM		FA+LA		PM+LA

		PM5-120		0.128		0.035		0.093		0.5059288538				0		0.2786561265		0.4624505929		0.1897233202		0.2766798419

		PM6-0		0.117		0.039		0.078		0.3873517787				30		0.3339920949		0.3201581028		0.2509881423		0.3425559947

		PM6-30		0.116		0.036		0.08		0.4031620553				60		0.3616600791		0.3083003953		0.266798419		0.3083003953

		PM6-60		0.115		0.035		0.08		0.4031620553				90		0.442687747		0.3992094862		0.2470355731		0.3557312253

		PM6-90		0.131		0.038		0.093		0.5059288538				120		0.5889328063		0.4367588933		0.3498023715		0.4031620553

		PM6-120		0.136		0.035		0.101		0.5691699605

		FA+LA1-0		0.094		0.036		0.058		0.2292490119				SEM

		FA+LA1-30		0.074		0.037		0.037		0.0632411067				0		0.0764645934		0.1073518563		0.054194898		0.0821526075

		FA+LA1-60		0.08		0.037		0.043		0.1106719368				30		0.1164220063		0.0778231327		0.1154788478		0.0794784249

		FA+LA1-90		0.084		0.037		0.047		0.1422924901				60		0.1085038432		0.0871359988		0.074463368		0.0787543828

		FA+LA1-120		0.128		0.04		0.088		0.4664031621				90		0.0998366082		0.079740083		0.0682605377		0.0965754286

		FA+LA2-0		0.079		0.035		0.044		0.1185770751				120		0.1470971863		0.0598023411		0.0721185934		0.0553359684

		FA+LA2-30		0.081		0.034		0.047		0.1422924901

		FA+LA2-60		0.099		0.048		0.051		0.1739130435

		FA+LA2-90		0.097		0.038		0.059		0.2371541502

		FA+LA2-120		0.096		0.037		0.059		0.2371541502

		FA+LA3-0		0.076		0.036		0.04		0.0869565217

		FA+LA3-30		0.092		0.036		0.056		0.2134387352

		FA+LA3-60		0.109		0.035		0.074		0.3557312253

		FA+LA3-90		0.085		0.035		0.05		0.1660079051

		FA+LA3-120		0.09		0.034		0.056		0.2134387352

		FA+LA4-0		0.105		0.035		0.07		0.3241106719

		FA+LA4-30		0.139		0.036		0.103		0.5849802372

		FA+LA4-60		0.12		0.037		0.083		0.4268774704

		FA+LA4-90		0.121		0.036		0.085		0.442687747

		FA+LA4-120		0.126		0.036		0.09		0.4822134387

		PM+LA3-0		0.123		0.035		0.088		0.4664031621

		PM+LA3-30		0.114		0.036		0.078		0.3873517787

		PM+LA3-60		0.113		0.057		0.056		0.2134387352

		PM+LA3-90		0.121		0.036		0.085		0.442687747

		PM+LA3-120		0.131		0.035		0.096		0.5296442688

		PM+LA4-0		0.089		0.037		0.052		0.1818181818

		PM+LA4-30		0.125		0.036		0.089		0.4743083004

		PM+LA4-60		0.127		0.036		0.091		0.4901185771

		PM+LA4-90		0.126		0.035		0.091		0.4901185771

		PM+LA4-120		0.105		0.035		0.07		0.3241106719

		PM+LA5-0		0.09		0.038		0.052		0.1818181818

		PM+LA5-30		0.085		0.035		0.05		0.1660079051

		PM+LA5-60		0.094		0.037		0.057		0.2213438735

		PM+LA5-90		0.082		0.036		0.046		0.1343873518

		PM+LA5-120		0.115		0.041		0.074		0.3557312253

		Insulin Standard

		ng/ml		OD450		OD630		B-C				OD450		OD630		B-C

		6.4		0.722		0.044		0.678				0.755		0.046		0.709		0.6935				6.4		0.6935

		3.2		0.434		0.04		0.394				0.454		0.038		0.416		0.405				3.2		0.405

		1.6		0.231		0.038		0.193				0.25		0.041		0.209		0.201				1.6		0.201

		0.8		0.147		0.039		0.108				0.158		0.038		0.12		0.114				0.8		0.114

		0.4		0.102		0.037		0.065				0.107		0.041		0.066		0.0655				0.4		0.0655

		0.2		0.079		0.036		0.043				0.079		0.036		0.043		0.043				0.2		0.043

		0.1		0.07		0.037		0.033				0.068		0.036		0.032		0.0325				0.1		0.0325

		0		0.06		0.038		0.022				0.057		0.036		0.021		0.0215				0		0.0215

		Samples		OD450		OD630		B-C		Concentration

		FA1-0		0.07		0.041		0.029		0.0159027128

		FA1-30		0.11		0.039		0.071		0.4087932647

		FA1-60		0.107		0.04		0.067		0.3713751169

		FA1-90		0.122		0.037		0.085		0.539756782

		FA1-120		0.122		0.035		0.087		0.5584658559

		FA2-0		0.073		0.035		0.038		0.1000935454

		FA2-30		0.077		0.037		0.04		0.1188026193

		FA2-60		0.103		0.039		0.064		0.3433115061

		FA2-90		0.114		0.037		0.077		0.4649204864

		FA2-120		0.138		0.036		0.102		0.6987839102

		PM1-0		0.193		0.037		0.156		1.2039289055

		PM1-30		0.144		0.039		0.105		0.726847521

		PM1-60		0.162		0.036		0.126		0.923292797

		PM1-90		0.138		0.036		0.102		0.6987839102

		PM1-120		0.146		0.035		0.111		0.7829747428

		PM2-0		0.118		0.039		0.079		0.4836295603

		PM2-30		0.085		0.036		0.049		0.2029934518

		PM2-60		0.107		0.037		0.07		0.3994387278

		PM2-90		0.116		0.036		0.08		0.4929840973

		PM2-120		0.157		0.037		0.12		0.8671655753

		PM+LA1-0		0.091		0.037		0.054		0.2497661366

		PM+LA1-30		0.085		0.036		0.049		0.2029934518

		PM+LA1-60		0.079		0.035		0.044		0.1562207671

		PM+LA1-90		0.088		0.038		0.05		0.2123479888

		PM+LA1-120		0.087		0.035		0.052		0.2310570627

		PM+LA2-0		0.109		0.035		0.074		0.4368568756

		PM+LA2-30		0.111		0.038		0.073		0.4275023386

		PM+LA2-60		0.131		0.038		0.093		0.6145930776

		PM+LA2-90		0.137		0.036		0.101		0.6894293732

		PM+LA2-120		0.111		0.036		0.075		0.4462114125

		Min		FA3		FA4		FA5		FA6		FA1		FA2		Average		STD		SEM		P

		0		0.5059288538		0.1739130435		0.2134387352		0.2213438735		0.0159027128		0.1000935454		0.2051034607		0.166508854		0.067976955

		30		0.5928853755		0.1660079051		0.4664031621		0.1106719368		0.4087932647		0.1188026193		0.3105940439		0.2055557906		0.0839178001												FA		PM		FA+LA		PM+LA

		60		0.5612648221		0.1739130435		0.5375494071		0.1739130435		0.3713751169		0.3433115061		0.3602211565		0.1683422924		0.0687254531										0		0.2051034607		0.5895601396		0.1897233202		0.3033325076

		90		0.5849802372		0.4822134387		0.5533596838		0.1501976285		0.539756782		0.4649204864		0.4625713761		0.1594695708		0.0651031797										30		0.3105940439		0.3684122307		0.2509881423		0.3316327549

		120		0.9802371542		0.442687747		0.6324110672		0.3003952569		0.5584658559		0.6987839102		0.6021634986		0.2330648748		0.0951483367										60		0.3602211565		0.425988851		0.266798419		0.3391430061

																														90		0.4625713761		0.4647676587		0.2470355731		0.3937942076

				PM3		PM4		PM5		PM6		PM1		PM2		Average		STD		SEM										120		0.6021634986		0.5661959819		0.3498023715		0.3773509282

		0		0.4031620553		0.7747035573		0.2845849802		0.3873517787		1.2039289055		0.4836295603		0.5895601396		0.3439740305		0.1404268099		0.0334331964

		30		0.1818181818		0.1976284585		0.4980237154		0.4031620553		0.726847521		0.2029934518		0.3684122307		0.2180964708		0.0890375114		0.646672766								SEM

		60		0.1501976285		0.1739130435		0.5059288538		0.4031620553		0.923292797		0.3994387278		0.425988851		0.2809023323		0.114677897		0.6333912764								0		0.067976955		0.1404268099		0.054194898		0.0619764528

		90		0.2292490119		0.3003952569		0.5612648221		0.5059288538		0.6987839102		0.4929840973		0.4647676587		0.1726574872		0.070487124		0.982188875								30		0.0839178001		0.0890375114		0.1154788478		0.0618997412
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FA = filtered air
PM = particulate matter



Hypothetical Model of PM2.5 Mediated Hepatic 
Insulin Resistance (IR) and Steatosis

Zheng et al. J Hepatol. 2013 Jan;58(1):148-54.



Does Air Pollution Induce Metabolic 
Changes and Shift in Thermogenesis?



Does Air Pollution Alter Brown Adipose 
Structure and Function?

Baby Fat May Help 
You Lose Weight

http://online.wsj.com/article/SB10001424052702304506904575180053884870776.html?mod=WSJ_LifeStyle_LeadStoryNA


Long Term PM2.5 Exposure (40 weeks): Impact on 
Mitochondrial Structure

Tox Sciences 2011; 124; 88-98FA = filtered air   PM = particulate matter
WAT = white adipose tissue    BAT = brown adipose tissue



PM2.5 Mediated Changes in Whole Body Metabolism 
and Thermogenesis

Liu et al. Part Fibre Toxicol. 2014 May 30;11:27



Are Central Nervous System Pathways 
Responsible for Metabolic Control 

Involved?



Hypothalamic Inflammation with Long-Term 
Exposures in C57/Bl6 mice

Environ Health Perspect. 2014 Jan;122(1):79-86



Intracerebroventricular (ICV) infusion of IKKβ Inhibitor (IMD-0354) 
Inhibits PM2.5 Effects

• O2 consumption (A), CO2 production (B), respiratory exchange ratio (C) and heat production (D) 
of mice measured by indirect calorimetry over a 24 hrs period (from 10:00 am to 10:00 am the 
next day) after 4 wks of PM2.5 exposure and IKKβ inhibitor treatment.  *P<0.05, **P<0.01, 
***P<0.001 compared to FA-CON group; ##P<0.01, ###P<0.001 when compared PM-IMD 
group with PM-CON group. n=6 per group. Liu et al 2014  Part Fib Tox

FA

PM



Regression associations between cumulative 
averages of daily PM2.5 and metabolic outcomes 

over 0–90 days prior to FSIGT

Zhanghua Chen et al. Dia Care 2016;39:547-554© FSIGT = frequently sampled intravenous glucose tolerance

1-SD (5.1 μg/m3) increase in 0–40 days’ PM2.5 was significantly associated 
with a 4.9% decrease in SI. Effect size similar to 1% increase in body fat.
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