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ABSTRACT

Water quality impacts both human and ecosystem health. Many pharmaceuticals and
personal care products are considered contaminants of emerging concern (CEC) due to
their bioactive properties. Among these, metformin—the most commonly prescribed drug
for treatment of type 2 diabetes—has been reported at high concentrations (ug L) in
stream, lake, and estuary surface waters in the United States. However, a propensity for
broad-scale CEC surveys has prevented seasonal and spatial monitoring of metformin in
river systems. Moreover, the effect of metformin in river food webs remains poorly
explored, despite its known action on conserved eukaryotic enzymes
(AMPK/SnRK1/SNF1). This project comprised the first spatiotemporal characterization
of metformin in a high-discharge river system and examined the effects of metformin on
aquatic primary producers. Monthly water samples were taken at eight year-round sites
and five additional summer-sites in the lower Columbia River from October 2016-
September 2017. Metformin and its breakdown product, guanylurea, were determined
from water samples using direct injection with liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS). Laboratory toxicity assays using PAM fluorometry and
environmentally or sewage relevant doses (50-500 pg L) probed for effects of
metformin on photosynthetic efficiency in green algae (Chlorella vulgaris) and diatom
(Thalassiosira weissflogii) cultures. Metformin and guanylurea were successfully
detected and quantified in the lower Columbia River (METave = 67.4 ng L, GUANAvc
=32.6 ng L. High variation in metformin concentrations was only partially explained
by seasonal river discharge and riverine sources; but possible sorption effects suggested

additional physicochemical influence. Metformin effects on algae depended on exposure

Vii



time, dose, and species, with reduced photosynthetic efficiency of C. vulgaris cultures
within 24 h of high dose exposure (500 ug L), and within 72 h of sewage effluent-
equivalent exposure (50 pg L™?). Overall, these results are consistent with the expected
behavior of a polar basic cation species in a high-flow river system and a SnRK1-
activator in algae. This study illustrates the importance of investigating individual CECs
in water systems in order to elucidate fine-scale processes governing distributions,

behavior, and, ultimately, environmental risk.
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CHAPTER 1: INTRODUCTION

1.1. Chemicals of Emerging Concern in the Environment

Water quality impacts both human and ecosystem health. As a result, there is a
growing concern over the occurrence of trace organic contaminants in water systems
around the world. These so-called “contaminants of emerging concern” (CECs) are
distinguished from priority pollutants (e.g. polycyclic aromatic hydrocarbons,
polychlorinated biphenyl) by lack of monitoring/regulation and poorly described or
unknown environmental fate and toxicity."? Analysis of waste suggests that CEC
compounds ultimately originate from human activities, including, for example, hospitals,
households, farmland, and industry.®>-> Examples of CECs include medicinal drugs,
industrial compounds (e.g. polybrominated diphenyl ethers, perfluorinated compounds),
household chemical, and agricultural pesticides.> CECs have most recently been
identified as “agents of global change” since their production currently outpaces rising
atmospheric CO- concentrations, nutrient pollution, habitat destruction, and biodiversity
loss.®

Much recent research is devoted to tracking the distribution and fate of CECs in
the environment.”1* CECs enter and move through the environment via pathways that
depend on the compound’s physicochemical properties in relation to its respective
surroundings.t®>° For instance, a polar, hydophilic compound will likely exhibit high
mobility in the environment, while a nonpolar, hydrophobic compound will tend to
bioaccumulate and/or adsorb to surfaces.>?° These chemical characteristics determine
the overall degree of degradation, persistence, and bioavailability of the compound in the

environment and, thus, overall environmental risk.?:->® However, oversimplification of



physicochemical properties by compound types have led to mispredictions of CEC
behavior in different environments.?+2

Concerns over CECs are built around human and wildlife toxicity. By the United
States Geological Survey (USGS) definition, CECs are foreign agents in the environment
with the potential to harm living organisms.?” Effects of CECs on humans, plants, and
other organisms range from no effect to chronic or acute toxicity.?®>* Possibly the first
and most iconic example of a publicly recognized CEC was the pesticide
dichlorodiphenyltrichloroethane (DDT), which was eventually recognized as a priority
pollutant and banned as a result of poignant observations regarding DDT-associated bird
mortality in Rachel Carson’s 1962 book “Silent Spring”.> While there is considerable
interest in CEC effects in drinking water due to its obvious connections with public
health,36-38 perhaps of greater concern are non-human organisms that are exposed to
CECs over their entire life, such as aquatic and sediment-dwelling organisms.® Many
aquatic organisms may uptake CECs through filtering or direct ingestion of water during
oxygen exchange or feeding, while sediment-dwellers may similarly uptake CECs by
ingestion of sediment during nutrient acquisition.? Constant exposure to CECs in water or
sediment may lead to detrimental effects on, for example, macroinvertebrate community
composition,® algal growth,**4? and fish reproduction or behavior.*3*® Furthermore,
these organisms are exposed to CECs over their entire life cycle for multiple generations

which could result in slow cumulative physiological or ecological alterations over time

that remain undetected.®



1.2. Pharmaceuticals as Emerging Contaminants
1.2.1. Rise of PPCPs in the Environment

Pharmaceuticals and personal care products (PPCPs) have gained attention as
CECs due to advances in analytical instrumentation (liquid chromatography/tandem mass
spectrometry, or LC-MS/MS) that allow low-level detection of polar organic compounds
in aquatic and sediment environments.*%4” Pharmaceutical compounds include synthetic
and semi-synthetic compounds that are used to treat medical conditions in humans or
animals (e.g., painkillers, statins, hormone supplements, antibiotics). Personal care
products (PCPs) include compounds that improve quality of hygiene, health, or
appearance through preventative or cosmetic function (e.g., lipstick, sunscreen, shampoo,
toothpaste, deodorant). Numerous studies have detected PPCPs in wastewater,
freshwater, seawater, and groundwater around the world,%13:26:46:48-50

The environmental presence of PPCPs is correlated with an increasing reliance on
manufactured pharmaceuticals for improved health and quality of life. It has been shown
that increased consumption of PPCP products is directly linked to their presence as CECs
in the environment.>! Due to improvements in living conditions, education, and medical
treatments over the past century, populations are now living longer and spending more on
healthcare, which exceeds 10% of GDP on average in many countries.>>->® Regarding
improvements in medical treatments, pharmaceutical drug development has greatly
increased over the past century to increase treatment options and efficacy;>® for example,
the National Institutes of Health (NIH) recently issued a new wave of “precision
medicine” which will tailor pharmaceuticals to individual patients and increase the

production of novel therapeutic compounds.®” Furthermore, healthcare access (and,



therefore, access to pharmaceuticals) is improving around the world,*® and there has been
a steep increase in non-medical pharmaceutical use.>*® As a result of a growing human
population with an increasing reliance on personal care, PPCPs, and pharmaceuticals in
particular, are now ubiquitous in the environment,®* being found in even the most remote

locations.%?

1.2.2. Sources and Sinks of Pharmaceutical CECs

Pharmaceuticals enter the environment through excretory waste or direct
disposal.®3% Specifically, most human or veterinary drugs pass through the body and
into the sewage waste stream, which enters a municipal wastewater treatment plant
(WWTP) for removal of contaminants and nutrients before release into local surface
waters. Hospital and manufacturer waste streams, which are treated either in a separate
treatment process or combined with municipal wastewater, also comprise major sources
of pharmaceuticals in the environment, in addition to leachate from pharmaceuticals
directly disposed to landfill.%¢-%° Additionally, the use of recycled biosolids from
wastewater treatment plants for agricultural fertilizer also creates a source of
pharmaceuticals to the environment.”

Wastewater treatment often does not completely remove pharmaceuticals from
influent. Treatment strategies vary by plant, and typically consist of primary treatment
which filters out solids, secondary treatment which removes dissolved or suspended
particles, and, in advanced WWTPs, tertiary treatment which removes nutrients.”*
Adsorption to suspended solids (sludge) and biodegradation by microbes in the

secondary, and sometimes tertiary, steps may break down pharmaceutical compounds



into metabolites.®* The tertiary step may also (or alternatively) utilize additional treatment
steps such as UV disinfection, microfiltration, ion exchange, and activated carbon
adsorption,”* which may increase pharmaceutical breakdown.’? The specific chemical
properties of each pharmaceutical compound determine its propensity for degradation®*"
and many are resistant to complete degradation during wastewater treatment due to high
solubility and low sorption to sludge.*’* As a result, wastewater breakdown varies with
pharmaceutical type in wastewater and ranges from 6-98% removal efficiency of the
parent compound.®>7

Pharmaceutical compounds ultimately end up in surface water or groundwater
after passing through the waste stream. Surface water consists of water that has not
penetrated the ground, such as streams, rivers, lakes, and oceans, while groundwater is
surface water or precipitation that has been pulled by gravity into soil pore spaces and
bedrock fractures to form underground aquifers. PPCPs enter surface water directly
through wastewater effluent, land runoff, or contact with contaminated groundwater.>’®
The groundwater zone receives PPCPs leached from landfill or biosolids’’ (likely
enhanced by precipitation’®) or transferred from surface water contact.’® PPCP research
indicates that pharmaceutical compounds are continually released into one of these two

sinks at diluted, but detectable, concentrations relative to the waste stream (ng L™ to g

L) (Figure 1.1).4647
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Figure 1.1. PPCP pathways from source to sink in the environment. Figure extracted from Sui et
al 2015.

1.2.3. Pharmaceutical Activity in the Environment

Pharmaceuticals comprise an extremely diverse class of chemical compounds.&°-82
With over 4000 molecules with different chemical structures,®® each pharmaceutical drug
has unique biochemical functions and physicochemical interactions in human or animal
patient. These compounds can be natural, synthetic, or semi-synthetic and are designed
for any number of treatments to combat microorganisms, destroy abnormal cells, replace
deficits, or alter cellular function.®3#* In order to function in their medical capacity, the
drug must be chemically stable and delivered in active form to the target site in the
body.8® Since many parent pharmaceuticals are large, lipophilic, unionized or partially
ionized species, drug metabolization in the body converts these drugs to more polar
(water soluble) species for excretion by the kidneys.88” Thus, based on the specific

properties of a compound, some pharmaceuticals may remain unchanged,®2° and others



pharmaceuticals may be enzymatically broken down whereby a certain fraction of the
parent compound exits the body as secondary metabolites;**>° either way, the parent
compound is usually polar upon excretion 868’

Many pharmaceuticals and personal care products are considered CECs due to
their potential to affect non-target living tissue after excretion. Urinary excretion
containing pharmaceutical compounds enter the waste stream where WWTP processes
may further breakdown unchanged parent compounds and/or metabolites.*%2°® However,
wastewater plants are not completely effective at breaking down the pharmaceutical
compounds during treatment and many compounds enter the environment in their
bioactive form.*92% Natural breakdown processes (e.g. photochemistry, radical reactions,
biotic activity) may further degrade parent pharmaceutical concentrations in the
environment but at a comparably slower rate than during wastewater treatment.®* Since
these compounds are typically polar and, therefore, have a low bioaccumulation factor,
the “pseudo-persistence”® of pharmaceuticals in the environment is a result of higher
input vs. degradation rates.%*

As a result of continuous exposure and bioactivity at low doses,* medicinal drugs
in surface waters have been linked to ecotoxicological effects. While acute toxicity has
been observed,®”*8 chronic toxicity**%%-1% is of particular concern due to the continual
low dose exposure experienced by aquatic- and/or sediment-dwelling organisms. % It
many cases, drugs with specific physiological functions interact with the same tissue of
non-target organisms as they do with the intended recipient. The most obvious example is
steroid hormones and their endocrine-disrupting effects on fish, 4100104105 Aqditional

examples include antibiotics reducing algae growth,'%1%7 and behavioral drugs (e.g.



antidepressants, anti-anxiety medication) altering foraging strategies (i.e., risk/reward

108

tradeoff) in crabs'® and nesting behavior in fish.1%%1% Thus, pharmaceuticals can have

far-reaching consequences reaching from individual mortality to population-wide
ecosystem function.1%2

Due to the possibility of harmful ecological effects, regulations have been put into
place regarding environmental risk assessment of pharmaceuticals.**-*1¢ Regulations are
generally determined from the chemical properties of the parent compound (typically the
octanol-water partition coefficient, Kow, as a predictor of bioaccumulation) in conjunction
with growth inhibition or toxicity assays. The measured level of toxicity is compared
against the predicted environmental concentration (PEC), which is calculated from
known sales, dosage, and dilution values, in order to determine the environmental risk
associated with the pharmaceutical compound. However, since freshwater matrices are
complex mixtures constantly influenced by environmental and chemical variables,
pharmaceutical compounds may behave in unpredictable manners in the environment.?*-
26 A more parsimonious method for understanding pharmaceutical risk in the

environment is direct measurement of compound distribution and behavior relative to

individual variables within a multi-variate model.

1.3. The Antidiabetic Drug Metformin as an Emerging Contaminant
1.3.1. Type 2 Diabetes & Pharmaceutical Treatment

One of the most common chronic medical conditions requiring pharmaceutical
treatment is the hyperglycemic condition of diabetes mellitus type 2 (i.e., Type 2

diabetes). According to the Centers for Disease Control and Prevention (CDC), ~30% of



the U.S. population were estimated to have Type 2 diabetes in 2015.1” On a global scale,
an estimated 8.5% of the world population suffers from Type 2 diabetes, and is increasing
at relatively higher rates in low and middle income countries.*'® As a result of this rapid
increase in disease occurrence, Type 2 diabetes has been labeled a global epidemic

(Figure 1.2).11%-12

2013 Diagnosed Diabetes Prevalence
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[Jo-783
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[ 8.81-9.96

I 9.97-11.65
Bl =166

-

Puerto Rico

Figure 1.2. Percentage of U.S. adults >20 years diagnosed with Type 2 diabetes in 2013. Figure
extracted from 2014 Centers for Disease Control and Prevention (CDC) National Diabetes
Statistics Report (US Department of Health and Human Services).*’

Type 2 diabetes is a state of insulin resistance which reduces the body’s ability to
take up glucose from the bloodstream and stop the production of glucose in the
liver.12212% Insulin is produced by beta cells in the pancreas in response to glucose and
released into the bloodstream for delivery to tissue cells.*?* In a normal functioning body,
insulin binds to receptors on muscle, brain, liver and fatty tissue cells which open
transmembrane channels that uptake glucose from the bloodstream.*?* In response to

insulin binding, liver cells increase glycolysis (i.e., breakdown of glucose) and reduce
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gluconeogenesis (i.e., production of glucose) which provides a negative feedback loop to
reduce glucose levels in the blood.1?41? The Type 2 diabetes condition is associated with
insulin desensitization, where cells lose or reduce their ability to bind insulin.*??> The
result is a continual state of hypoglycemia from inhibited glycolysis and an excess of
glucose in the blood.'?® Moreover, pancreatic beta cells lose their ability to function and
lower the production of insulin over time.'?"12® Thus, complications from high blood
sugar are chronic and range from retinopathy, kidney disease, neuropathy, and
macrovascular problems.'?® While genetics may increase predisposition to insulin
resistance, Type 2 diabetes is largely determined by lifestyle factors, including excess
weight, unhealthy diet, low physical activity, and substance abuse.**

Since Type 2 diabetes is a progressive disease, doctors treat the condition based
on a step-wise diagnostic procedure.*! Pre-diabetes or early-stage Type 2 diabetes is first
treated with diet and exercise in order to manage hyperglycemia.3*% |f lifestyle changes
are not enough to manage elevated blood glucose levels, an oral medication is
prescribed.!3! These oral medications typically utilize one of three strategies for reducing
glucose in the body: inhibiting carbohydrate metabolism, stimulating insulin release, or
increasing insulin sensitivity.*3! Insulin injections are used to treat Type 2 diabetes if
lifestyle changes combined with oral medication is still not effective in blood sugar

management (Figure 1.3).13!
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Figure 1.3. A step-care approach to Type 2 diabetes treatment. Figure extracted from
Krentz and Bailey 2005.%3!

The biguanide drug, metformin, is the most commonly prescribed oral medication
for Type 2 diabetes.'3 The origin of metformin traces back to medieval medicine and the
use of extracts (i.e., “Goat’s Rue”) from the French lilac plant, Galega officinalis, to treat
diabetic-like symptoms.*** These extracts contained guanidine compounds which were
first linked to blood sugar effects in 1918.13% However, attempts at using guanidine
derivatives, including biguanides, for treatment of Type 2 diabetes often induced lactic
acidosis in patients.**® Specifically, lactate (an anion from lactic acid dissociation) is the
end product of glycolysis which is partially recycled for glucose production; in
guanidine-treated patients, activated glycolysis increased production of lactate while
decreasing gluconeogenesis and removal of lactate, thereby stimulating lactic acidosis.*’
Unlike other biguanides of the time, metformin was a guanidine derivative which was
able to lower blood glucose levels with much lower lactate production.t® The
antidiabetic properties of metformin were first discovered in the mid-20" century when
the drug was successfully used to combat influenza by glucose starvation.**® However,
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metformin as a pharmaceutical drug did not catch on in the U.S. until the 1990°s due to
the poor reputation of biguanide drugs associated with lactic acidosis.**® After FDA
approval and many years of research on the mechanisms and pathways of metformin
activity clarifying risk-benefits of using the drug, metformin is now the primary choice

for oral treatment of Type 2 diabetes. '3!3

1.3.2. Metformin Chemistry & Biochemistry

Metformin (1,1-Dimethylbiguanide) is a semi-synthetic biguanide compound with
the chemical formula C4H11Ns (Table 1.1). Two methyl groups attached to the guanidine
side chain form a structure with polar basic properties and high stability.”*° As a
pharmaceutical drug, metformin is commonly distributed as a colorless white
hydrochloride salt for oral administration.

Metformin exists in solution as a freely soluble cation (Figure 1.4). Due to high
polarity, metformin has a low Kqw (< 0) and is highly soluble in water/polar solvents
(Table 1.1). With predicted acid dissociation constant (pKa) values of 10.27 and 12.33,
metformin exists as a double charged cation species at physiological pH (e.g. 7.4 in
humans) and environmental pH (e.g. ~7.8-8.4 in the Columbia River) (Figure 1.4).
Calculated and predicted values for metformin organic carbon-water partition coefficients
(Kac, or the adsorption-desorption coefficient, Kq, normalized to organic carbon content
of a substrate) in soil and sediment are not well established, ranging from as low as 39.2
to as high as 3209 L kg*,14%14! indicating possible sorption interactions under certain

conditions (Table 1.1).14?
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Table 1.1. Relevant chemical information for metformin. Values obtained from
www.chemicalize.com (accessed 26 Feb 2018) or EPI-Suite™ (U.S. Environmental
Protection Agency, 2000-2012).

Common Name Metformin
Molecular CH;
Structure

I H
Hsc/N\n/N\n/NHz
NH NH

IUPAC Name 3-(Diaminomethylene)-1,1-dimethylguanidine
Molecular Formula C4H11Ns
CAS # 657-24-9
Average Mass 129.167 g mol*
pKa (ionization) 10.27,12.33
Solubility (logS) 1.81
LogKow -2.64
Koc 3.05-3209 L kg'1
Cl
(I:HS N (,:HS N EH‘Z H NH, l!dl-b “ NH,
N N NH, N N NH, - -~
S A AL G G S A
NH  NH NH  NH, NH,”  NH NHy'  NH,
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Figure 1.4. Metformin species distribution at different pH values. Intersection points represent
where pH equals pKa (i.e., points with equal amounts of protonated and deprotonated metformin
species). Graph obtained from www.chemicalize.com (accessed 26 Feb 2018).
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While the mechanism of metformin antihyperglycemic activity is still an area of
active research, #3145 a primary pathway of metformin action is through activation of the
cellular energy sensing enzyme, AMP-activated protein kinase (AMPK).14¢ AMPK
belongs to a class of energy-sensing enzymes responsible for maintaining energy
homeostasis; specifically, AMPK promotes energy-releasing (catabolic) processes and
downregulates energy-depleting (anabolic) processes in response to increasing adenosine
monophosphate (AMP) levels relative to adenosine triphosphate (ATP) levels.**” Thus,
the stress response of a cell (i.e., reaction of a cell to reduced energy availability) is
partially induced by AMPK activity.'4®

Metformin allosterically activates AMPK and induces a stress response in the cell
to reduce blood glucose levels (Figure 1.5).14614° Research indicates that metformin may
bind to Complex I of the mitochondrial electron transport chain by an unconfirmed
mechanism and disrupt oxidation of NADH to NAD?, thereby disrupting redox reactions
within Complex | that normally generate the current responsible for transport of protons
across the membrane.*>°1%2 Thus, metformin breaks down the proton gradient of the
electron transport chain and reduces ATPase activity.!** AMPK then senses the increase
in AMP relative to ATP in the cell and signals a decrease in gluconeogenesis and

increase in glycolysis.143146
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Figure 1.5. The AMPK pathway of metformin. Metformin inhibits Complex I of the
mitochondrial electron transport chain, disrupting the transmembrane proton gradient which
powers the production of ATP by ATPase. Sensing the increasing AMP:ATP ratio, AMPK
promotes glycolysis and decreases gluconeogenesis. Figure extracted from Luengo et al 2014.

1.3.3. Guanylurea as a Breakdown Product

Degradation of metformin primarily occurs after excretion. Metformin remains
largely unmetabolized by the body (>90% recovery) since the highly soluble compound
does not readily bind to plasma proteins.>35* Upon exiting the body, metformin may
remain in its parent form or break down by aerobic (and possibly anaerobic!®®)

biodegradation into guanylurea.t*
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Guanylurea (Amidinourea, Dicyandiamidine) is the end-product of metformin
degradation®®-1% with the chemical formula C;HsN4O (Table 1.2). The chemical
structure of guanylurea consists of both urea and guanidine which, like metformin, lends
polar basic properties and high stability. Guanylurea exists primarily as a single cation at
physiological pH (e.g. ~7.4 in humans) and environmental river pH (e.g. ~7.8-8.4 in the
Columbia River), based on predicted pKa values (Figure 1.6). Like metformin,
guanylurea is highly soluble (low Kow) and stable.*® Values of Ko are estimated to be

low (=109 L kg™), but the physicochemical properties of guanylurea are poorly explored.

Table 1.2. Relevant chemical information for the breakdown product of metformin,
guanylurea. Values obtained from www.chemicalize.com (accessed 26 Feb 2018) or EPI-
Suite™ (U.S. Environmental Protection Agency, 2000-2012).

Common Name Guanylurea
Molecular NH,
Structure

N:<
O:( NH,
NH,
IUPAC Name diaminomethylideneurea
Molecular Formula C2HsN4O
CAS # 10310-28-8
Average Mass 102.097 g mol-1
pKa (ionization) 9.79, 13.62
Solubility (logS) 2.28 (pH 7.4), 2.08 (pH 8.0)
LogKow -3.57
Koc 109 L kg'*
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Figure 1.6. Guanylurea species distribution at different pH values. Intersection points represent
the points where pH equals pKa, or the point where there are equal amounts of protonated and
deprotonated guanylurea species in solution. Graph obtained from www.chemicalize.com
(accessed 26 Feb 2018).

1.3.4. Metformin in the Environment

Due to chemical stability and high prescription rates, metformin has been reported
at high concentrations in wastewater (ig L) and surface waters (ng L) around the
world.1346:50.158-167 Metformin in the waste stream is only partially removed by
biodegradation from wastewater treatment.*615° As a result, metformin in sewage
effluent has been measured at concentrations ranging from ~1-150 pg L
113,50,51,67,160,164,167.168 4 jn diluted surface waters at concentrations of ~0.001 to 8 pg L
1,13,50,160.162,165 pMetformin has also been measured in groundwater at 3.0 pg L™ and

sediments up to 140 ng g,1%9168 thys illustrating the ubiquity of metformin as a PPCP in
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the environment. Such wide ranges of distributions and concentrations between studies
suggest that it is necessary to understand specific water systems (well-mixed vs poorly-
mixed, closed vs open system, fresh vs saltwater) and pharmaceutical sources (i.e., local
population demographics, local hospital abundance and treatment strategies, wastewater
treatment) in relation to measured concentrations of metformin in order to better
characterize and predict metformin as a CEC in the environment.

The breakdown product of metformin, guanylurea, co-occurs with metformin in
wastewater and the environment. Studies reporting high metformin levels have measured
guanylurea concentrations ranging from 48-67.2 pg L in sewage effluent,*%* and ~0-50
ug L in surface waters,'31%2 indicating a possible connection between metformin
degradation and environmental guanylurea levels. However, there are multiple chemicals
that may be in the environment that are known to break down into guanylurea, such as
munition compounds*®® and chemotherapeutic compounds;’® additionally, guanylurea is
the base of the dicyandiamide component used in the manufacturing of melamine
plastics*’*172 and fertilizer.t"*17* Thus, guanylurea in the environment may be a function
of multiple compound breakdown processes and it is unknown whether measured levels
accurately reflect metformin degradation.

Metformin in the environment has raised questions about ecotoxicological effects.
The non-human toxicity of metformin is poorly explored, but limited research has shown
potential endocrine disrupting effects in fathead minnows at sewage-relevant
concentrations® and antimicrobial effects in microbiomes.'” OECD toxicity assays have
also revealed acute toxicity in zooplankton, juvenile zebrafish, and chironomids, but only

at extremely high concentrations (mg L™ and mg kg™).4° Since the metformin parent
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compound is bioactive with effects on a highly conserved enzyme, metformin may have

unknown chronic effects on other members of the food web.

1.4. The Columbia River
1.4.1. Geography & Hydrology of the Columbia River

The Columbia River is the fourth largest river by discharge in North Americal’®
and comprises a major transport system for compounds in the environment.X’*"® The
river drains an area of ~ 670,000 km? and forms a basin that encompasses 5 U.S. states
and 1 Canadian province (Figure 1.7).1"® The Columbia stretches almost 2000 km,
originating in the Rocky Mountains of British Columbia, Canada, and flowing northwest
before turning south into the United States through Washington and then west on the
border of Oregon. The river ends at the Pacific Ocean where it unloads water at an
average rate of ~7730 m® s.18 The dominant climates of the watershed are largely
determined by mountain range topography, with wetter and cooler climates west of the
Cascades, and drier and warmer climates east of the Cascades.*®!

The large volume of water carried by the Columbia River is largely driven by a
snowmelt-dominant watershed.'®218 Freezing winter temperatures build snowpack in the
mountains which annually melts from rising temperatures or rainfall on snow and causes
an influx of water (i.e., freshet) into the mainstem during spring and early summer.
Surprisingly, much of the Columbia watershed consists of arid/semi-arid climate; the
Columbia Plateau (i.e., Columbia Basin), which comprises the southern area of the
Columbia watershed east of the Cascades, receives less than 12 inches of precipitation

each year.'®* Thus, precipitation and snowmelt from Canada supply ~44 percent of water
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runoff east of the Cascade Mountains, while water runoff west of the Cascade Mountains
(i.e., the lower Columbia River) is supplied by the Cascade Mountains and precipitation
from southwestern Washington and the Willamette Valley.'8* Thousands of tributaries
deliver water to the mainstem, but the two largest tributaries, the Snake River and
Willamette River, supply ~32 percent of the average Columbia discharge rate.*&
Seasonal river discharge and precipitation is critical to ecosystem function in the
Columbia River. High flow creates pools and habitat for juvenile salmon and
invertebrates along the river,'®>18 and may also limit fish predation by enabling
downstream transportation, increasing turbidity, and regulating water temperature.*®’
Moreover, strong river flow carries sediment downstream along with organic matter from
detritus and sediment-based material which provides nutrients for phytoplankton growth

after peak flow recedes.'®"18 Thus, seasonal river discharge largely dictates both

hydrological and ecological processes in the Columbia River.
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Figure 1.7. The Columbia River watershed. Map extracted from Benke and Cushing 2005.

1.4.2. CECs in the Lower Columbia River Basin

The discovery of CECs in water systems around the world has led to the
investigation of CECs in the lower Columbia River. As a historically important source of
fresh water, abundant food resources,'®1% energy,'®! and transportation, the Columbia
River provides critical support for human populations and development in the region. The
Columbia watershed has witnessed a steady increase in population growth from 1930 to
present, a trend that is expected to continue until 2030.1° Such a large population relying
on one water system has influenced dramatic change on the river;1°>1% for instance, a
number of hydroelectric dams have reduced the daily discharge of the annual freshet by
~30-50% percent,%* overfishing and flow alteration have reduced salmon runs

dramatically,'®31% and urban development has altered riparian zones and ecosystem
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functions.®® More importantly, human waste and runoff have introduced numerous
pollutants and CECs that are now being detected in the Columbia River.47197-202

Most CEC research in the Columbia River is focused on the lower reach west of
the Cascades.*"197:19-202 Thjs focus is a direct result of population distribution along the
river; the lower Columbia River supports the highest population densities with large
urban centers and industry,*%? and, therefore, likely experiences the highest diversity
(and, perhaps, concentration) of waste input relative to a dominantly agricultural
watershed. Reflecting this high density of contaminant input, numerous CECs in
wastewater, surface water, and sediment ranging from PBDEs (flame retardants) to
pesticides have been detected in the lower Columbia River at levels comparable to less
dilute water systems.*7197:199201 pharmaceuticals comprise a number of these CECs in the
lower Columbia River*’?°! and are associated with toxicological effects on resident
largescale sucker fish,203:204

Emerging contaminant studies in the lower Columbia River have mostly been
limited to large-scale USGS*"197292 or U.S. Environmental Protection Agency
(EPA)?%5:206 syrveys which prohibit a detailed analysis of single CECs in a high-volume
river. As a result, CECs, which are known to be abundant in other systems, such as the
pharmaceutical drug, metformin, remain uncharacterized in the Columbia River. Due to
transport processes dictated by flow, it is expected that seasonal river discharge in a
snowmelt-dominant system like the Columbia River would strongly influence individual
CEC distribution. Thus, smaller-scale research is required to efficiently ascertain CEC

patterns in relation to annual river variation.
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1.5. Research Objectives

The aims of this study were (1) to characterize the spatiotemporal distribution of the
antidiabetic drug, metformin, as a CEC in the lower Columbia River, and (2) to
determine the effects of metformin on algae supporting the river food web.

In order to achieve these aims:

1. I measured the monthly concentrations of metformin and its breakdown product,
guanylurea, at eight sites along the lower Columbia River over a one-year period
using a direct-injection LC-MS/MS method.

2. | calculated the explained variation in metformin and guanylurea concentrations
by (a) river condition and (b) geographic site in the lower Columbia River.

3. I measured the cell growth and photosynthetic activity of freshwater alga
(Chlorella vulgaris) and marine diatom (Thalassiosira weissflogii) cultures in
response to environmentally relevant and sewage relevant doses of metformin

using Coulter counting and PAM fluorometry.

1.6. Significance of the Study

This study attempts to characterize the distribution and toxicology of a ubiquitous
bioactive CEC in an economically and ecologically important high-volume river system.
A better understanding of the amount, variation, and effects of metformin in relation to
seasonal river conditions and geographic river location has relevance for CEC research in
other snowmelt-dominant water systems and for predicting water quality concerns
associated with rising rates of Type 2 diabetes around the world.

Furthermore, this study is a direct answer to members of the United States EPA

and USGS who are urgently calling for more CEC research in U.S. waters.?%"2%® The U.S.
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contains numerous high-volume water systems which present a laborious and expensive
task for future CEC assessments. This research demonstrates the scientific and financial
efficacy of focusing on single contaminants in these dynamic high-volume systems in
order to acquire more informative distribution data of a physiochemically complex

compound.
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CHAPTER 2: DISTRIBUTION OF METFORMIN & GUANYLUREA

IN THE LOWER COLUMBIA RIVER

2.1. Introduction

There is a distinct paucity of pharmaceutical and personal care product (PPCP)
data for high-volume river systems. As primary sources of freshwater and gateways to the
ocean, large rivers provide an important backdrop for urban development, agriculture,
fisheries and hydropower. North America contains four of the 25 largest rivers in the
world,?® most of which are of increasing interest to PPCP research. 34104200210 Qutside of
China, 10211212 few studies have characterized PPCPs in the surface waters of high-
volume river systems,'%213 with the majority of CEC research conducted in
estuaries,>®?1421% Jakes,13160.216 and comparatively small rivers or tributaries,®1346:217-220
Moreover, the majority of this PPCP research consists of temporally static analyses
which do not capture seasonal variation in river conditions beyond simplified
summer/winter comparisons,%134650.104,160213-221 The water quality of mainstem rivers in
North America is particularly relevant to ecological disturbance and human health
concerns; therefore, a spatial and temporal assessment of pharmaceutical compounds in
high-volume rivers is necessary to fully evaluate ecotoxicological risks.

As the second largest river by volume in the United States and an important
source of freshwater habitat to Pacific Northwest ecosystems, the Columbia River has
great potential to affect the environment through water quality. Numerous PPCPs have
been measured in the Columbia River, but the sheer number of PPCPs renders the
elucidation of their ecological effects intractable.*”197-201.222 A reasonable strategy is to

focus on those that are (i) likely to have strong biological effects, or (ii) present at
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relatively high concentrations. Metformin—the most commonly prescribed drug for

133__js a candidate PPCP that meets these two criteria.

treatment of Type Il diabetes

Metformin is an unmetabolized, bioactive, antidiabetic drug that is being detected
at high concentrations (ng L) in wastewater, streams, and lakes around the
world.1346:50.160216 Degpite concerning environmental concentrations and increasing rates
of Type 2 diabetes, metformin remains poorly explored in surface waters. Much
metformin PPCP data originates from broad-spectrum CEC surveys which do not
thoroughly explore spatial and temporal trends in compound distribution. #6501 For
instance, there were only three field studies found by this author that singly focused on
characterizing metformin in surface waters, all based out of Germany.**%%22% Other
broad CEC studies have focused on metformin in natural water systems,* but only over
short time periods.

There is also sparse data concerning transformation of metformin in surface
waters.*>® As the dead-end transformation product of metformin, guanylurea is a
compound that could potentially track the degradation of metformin as it enters and
moves through the environment. However, guanylurea is also a component in plastics,'’2
fertilizers,*>17# chemotherapeutics,'’® and munitions compounds®® which might also be
in the environment through separate breakdown processes.

A focused assessment of metformin and its breakdown product in a high-volume
river may reveal seasonal patterns, transport processes, and overall environmental
bioavailability associated with an increasingly prevalent CEC. Therefore, the first
objective of this project was to detect and characterize the seasonal and spatial

distribution of metformin and guanylurea in the high-volume Columbia River. This was
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accomplished by measuring monthly water samples along the lower river for a one-year
period using direct injection LC-MS/MS. From a preliminary CEC analysis of a
Columbia River water sample detecting metformin at 55 ng L™,2%4 and due to high
population density along the lower river with strong seasonal flow, it was expected that
metformin in the lower Columbia River would be detected at levels comparable to other
studies in less dilute water systems and vary in both space and time. Specifically, it was
expected that periods of high discharge, and thus high dilution effects, would be
associated with lower metformin and guanylurea concentrations. Additionally, sites
relative to sewage effluent pipes and larger tributaries such as the Willamette were
expected to be elevated in both metformin and guanylurea due to proximity to
concentrated input. It was also expected that guanylurea concentrations would inversely
related to metformin concentrations. By revealing the processes governing metformin
concentrations in the environment, this field study was relevant to a prediction
framework for future environmental risk assessments.
2.2. Methods
2.2.1. Chemicals and Materials

Glass sampling and filtering equipment was used to minimize contact with
potential plasticizers that often contain guanylurea. All equipment was cleaned according
to the USGS National Water-Quality Assessment (NAWQA\) protocol in order to
eliminate trace organic and inorganic contaminants.??> Sampling equipment consisted of
1 L amber wide-mouth glass jars, 40 mL Thermo Scientific™ amber glass VOA vials, and
60 mL VWR® TraceClean® straight-sided wide mouth jars with un-lined caps. Filtering

equipment consisted of EMD Millipore™ borosilicate glass 125 mL vacuum flasks, 15
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mL funnels, and bases with a silicon plug and aluminum clamp. Samples were filtered
using Whatcom™ 0.7 um GF/F filters that had been combusted at 450 °C for 4 h.

All standards were prepared in 20 mL VWR® TraceClean® clear borosilicate glass
vials and 1.5 mL (12x32mm) Thermo Scientific™ amber borosilicate glass SUN-SRI™
standard opening autosampler vials. Stock standards of metformin (1,1 -
dimethylbiguanide hydrochloride) and guanylurea (carbamoyl-guanidine amidino urea
hydrochloride), and stock internal standards of deuterated metformin (metformin-d6
hydrochloride) and **N-labelled guanylurea (guanylurea->N4 hydrochloride) were
purchased from Toronto Research Chemicals (North York, ON, Canada). All standards
were diluted to working solutions using Evian® mineral water. Filtered micropipette tips
were used whenever possible during preparation of standards to minimize contamination,
while standard autoclaved micropipette tips were used to transfer river water samples to
autosampler vials.

Separation of metformin and guanylurea was attained using a Synergi™ Hydro-
RP LC Column (250 x 4.6 mm, 4 um, 80 A; Phenomenex, Torrance, CA). All mobile
phase solvents were made in lab: Solvent A consisted of 0.1% formic acid in water, and
Solvent B consisted of 0.1% formic acid in acetonitrile. A ThermoFisher™ (Waltham,
MA) BetaBasic™ C8 Javelin guard column (10 x 2.1 mm, 1.5 pm) minimized column

contamination from the sample matrix.

2.2.2. Water Sample Collection and Processing
From October 2016 to January 2018, monthly samples were taken at nine sites

along the lower Columbia River from Hood River (River km 261) to Beaver Army
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Terminal (River km 79) (Figure 2.1). Four sites captured river water concentrations
downstream of the Willamette-Columbia confluence (River km 156), while five sites
capture river water concentrations upstream of the confluence (Figure 2.1). Samples were
most often collected from docks, shoreline rocks, or beaches, but were collected in the
main channel when possible. Geographic locations and sampling site abbreviations are
summarized in Table 2.1.

A pair of sampling sites at Kalama and Hood River were chosen for capturing the
influence of wastewater treatment plants. Kalama samples were taken upstream and
downstream of a sewage effluent pipe that projected into the water on a local beach.
Hood River samples were taken outside and inside The Hook, a spit into the Columbia

River that creates an offshore protected area shielded from a local effluent pipe.

R Columbia River
VN, Watershed

Canada

Pacific Ocean

Figure 2.1. Water sampling sites along the lower Columbia River. Image provided by
Kirstyn Pittman using ArcGIS® software.
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Table 2.1. Geographic summary of sampling sites along the lower Columbia River. River
kilometer is a measure of the distance (km) from the mouth of the river. Sites were sampled
from October 2016 to September 2017. Four sites captured river water concentrations
downstream of the Willamette-Columbia confluence, while five sites captured river water
concentrations upstream of the confluence.

Site US/DS of River

Site Abbrev | Willamette km Geographic location

Beaver Army Terminal BAT Downstream 79 46.185° N, -123.188° W
Kalama (downstream of sewage pipe) | KD Downstream 114 | 46.003° N, -122.847° W
Kalama (upstream of sewage pipe) KU Downstream 114 | 46.002° N, -122.846° W
Kelley Point Park KPP Downstream 156 | 45.649° N, -122.760° W
Chinook Landing CHL Upstream 183 | 45.561° N, -122.444° W
Camas CMS Upstream 187 | 45.577° N, -122.381° W
Rooster Rock RR Upstream 200 | 45.546° N, -122.247° W
Outer Hook (main channel) OH Upstream 261 | 45.717° N, -121.527° W
Inner Hook (shielded from channel) IH Upstream 261 | 45.716° N, -121.526° W

During each sampling event, three river water samples were taken by subsampling
into 40 mL glass vials from a cleaned 1 L glass jar. For each sample, the jar was rinsed
three times with river water and the sample vial was rinsed three times with river water
from the jar. In August 2017, field blanks were also collected using a 1 L glass jar of
Milli-Q in order to verify minimal field contamination. Each vial was transported on ice
and refrigerated at 20 °C until filtering. Sample water was filtered through a standard
glass filtering apparatus using 0.7 um GF/F filters within 72 h of collection. Filtered river
water was frozen at -20 °C in 60 mL glass jars until analysis. On the morning of LC-
MS/MS analysis, frozen solutions were thawed under running tap water and pipetted into
standard 1.5 mL autosampler vials.

Water sample data were complemented by real-time river condition data from in
situ sensors along the lower Columbia River. Specifically, river discharge data were

acquired from the U.S. Geological Survey (USGS) National Water Information System at
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Beaver Army Terminal (Site 14246900) to correspond with sites downstream of the
Willamette-Columbia confluence and from The Dalles (Site 14105700) to correspond to
sites upstream of the Willamette-Columbia confluence. Temperature, turbidity,
chlorophyll, chromophoric dissolved organic matter (CDOM), and oxygen saturation data
were obtained from SATURN-03 near Astoria, OR, and SATURN-08 near Camas, WA,
through the Center for Coastal Margin Observation & Prediction (CMOP) SATURN
Observation Network. In order to complement river discharge data, precipitation data
averaged over WA and OR weather stations at Longview (USC00454769), Portland
(USC00356750), Bonneville (USC00350897), and Hood River (USC00354003) were

obtained through the NOAA National Centers for Environmental Information.

2.2.3. Sorption Experiment

A brief metformin sorption experiment was performed on Columbia River
sediment in order to explore additional sources of metformin variation. Three sets of
triplicate sediment samples were analyzed for metformin recovery. Negative and positive
control samples consisted of sieved sediment that had been baked at 450 °C overnight,
and aliquoted into 20 mL vials with an equivalent weight of filtered river water.
Treatment samples consisted of sieved unbaked sediment with an equivalent weight of
filtered river water. Each vial received 1 pug L™ metformin and was extracted by shaking
overnight with 10 mL acetonitrile (ACN). The extracted ACN-metformin solution was

filtered and pipetted into HPLC vials for LC-MS/MS analysis.
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2.2.4. Instrumentation

All LC-MS/MS conditions are summarized in Table 1. A Shimadzu Prominence®
HPLC system using two binary pumps (Shimadzu LC-20AD XR Prominence® LC
pumps) was used to separate metformin and guanylurea in unconcentrated river water
samples. Separation was optimized using gradient elution on the reverse-phase column
with a flow rate of 0.75 mL min and an injection volume of 50 pL. A column oven kept
the column operating at 35 °C. Mobile phase composition started at 5% Solvent B and
ramped up to 95% Solvent B over the first seven min. A long re-equilibration period of
~8 min with 5% Solvent B ensured minimal carryover between samples. Total
acquisition duration was 15.6 min for each sample.

Material separated on the HPLC system was identified, detected, and confirmed
using an AB Sciex® QTRAP 5500 mass spectrometer (Applied Biosystems/MDS Sciex
Instruments, Concord, ON, Canada) in conjunction with Analyst 1.6.2 software. The
mass analyzer system was set to scan for precursor and product ions in multiple reaction
monitoring (MRM) mode using a positive ionization turbospray ion source. Mass
transitions between the parent compound and two different fragments were used to

quantify and verify metformin and guanylurea analytes, respectively (Table 2.2).
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Table 2.2. LC-MS/MS conditions used for the analysis of metformin (MET) and guanylurea
(GUAN) in river water samples. HPLC conditions are shown in white boxes and mass
spectrometer conditions are shown in grey boxes.

Chromatographic column
Solvent A

Solvent B

Mobile phase

Total run time

Flow rate

Column temperature
Injection volume

lon source

lonization mode

Scanning mode

MET quantifier transition
MET qualifier transition
GUAN quantifier transition
GUAN qualifier transition

| Synergi™ Hydro-RP, 80 A, 250x4.6 mm, 4 um

’ Water (0.1% formic acid)

’ Acetonitrile (0.1% formic acid)

‘ Gradient elution: 5% to 95% Solvent B over 7 min
’ 15.6 min (7 min elution, 8.6 min re-equilibration)
| 0.75 mL/min

| 35°C

| 50 pL

‘ Turbospray

’ Positive

’ Multiple Reaction Monitoring (MRM)

‘ 130.038 — 60.000 (mass to charge ratio)

\ 130.038 — 42.900 (mass to charge ratio)

‘ 103.000 — 60.000 (mass to charge ratio)

‘ 103.000 — 43.056 (mass to charge ratio)

2.2.5. LC-MS/MS Analysis of River Water Samples

Chromatographic analysis was performed using MultiQuant™ Software (Version

3.0). Metformin and guanylurea were quantified based on peak integration of

chromatograms using the internal standard (IS) method. A “valley-to-valley” linear

baseline fit was used for all peak integrations with a Gaussian smoothing factor of 1.0.

The concentrations of metformin and guanylurea were calculated from standard

curves of measured area ratios (analyte area/IS area) versus expected concentration ratios

(analyte concentration/IS concentration). The standard curve encompassed the predicted

range of analyte concentrations in river water (0-300 ng L1). Standard solutions
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capturing this concentration range were processed with each sample batch to establish a
standard curve with each run. Data from a standard sample was used in the standard
curve if the concentration calculated from the measured area ratio was within 20% of
expected values. A triplicate seven-point linear standard curve was established during the
first LC-MS/MS run, and a singlet standard curve in each run thereafter.

Standards were made from dilutions of metformin and guanylurea prepared within
36 h of the LC-MS/MS run. Primary stock solutions of 60 mg mL™* metformin and
guanylurea in mineral water were made in separate 1.5 mL autosampler vials. A three-
step serial dilution of the stock solutions in clean 20 mL glass scintillation vials yielded
working stock solutions of 600 ng L. To establish a standard curve, the working solution
was diluted with mineral water to make triplicates of at least seven calibration solutions
ranging from 0-600 ng L in 20 mL scintillation vials. Final standard solutions ranging
from 0-300 ng L were made by combining 0.5 mL metformin and guanylurea
calibration solutions in 1.5 mL autosampler vials on the day of the LC-MS/MS run.

During each LC-MS/MS run, procedural blanks were used to verify signal
response. Prior to running the standard curve, a Milli-Q blank and mineral water blank
without internal standard were used as negative controls for general instrument response.
At the beginning of the standard curve and at random intervals in between long sets of
samples, mineral water blanks spiked with internal standard were used for the zero
standard point and used to verify minimal carryover between samples.

Due to unexpected contamination on scintillation vial caps between July and
September 2017, standard curves during these months were prepared via combined serial

dilution in 1.5 mL autosampler vials. Originally, metformin and guanylurea primary
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stock solutions were kept separate before analysis in order to minimize possible
interaction effects; however, due to the relative stability of standards in solution (R.
Kilpatrick, unpublished data), metformin and guanylurea stock solutions were combined
and diluted in tandem to minimize contamination from extraneous sample prep steps.
Specifically, a primary stock solution of 10 mg/mL 1:1 metformin/guanylurea in mineral
water was diluted to working stock solutions of 1250 ng L. Calibration solutions
ranging from 0-300 ng L were made by pipetting appropriate amounts of working stock
solution into mineral water to reach a final volume of 1 mL calibration solution for each
concentration.

Internal standard (IS) solutions of deuterated metformin and *°N-labelled
guanylurea were prepared the day of each LC-MS/MS run. Solid stock material of 1 mg
was previously dissolved in 1 mL Milli-Q, sealed, and frozen at -20 °C, up to 8 months.
On the day of the run, a serial dilution of the 1 mg mL* stock solution in mineral water
yielded an IS working solution of 100 ng mL™. All samples and standard solutions
received 2 pL each of metformin and guanylurea IS working solution just before LC-

MS/MS injection to get a final IS concentration of 200 ng L.

2.2.6. Detection Limits

Detection and quantification limits were based on established U.S. Environmental
Protection Agency (EPA) and U.S. Geological Survey (USGS) protocol (Table 2).
Specifically, the lower limit of detection was based on the estimated method detection
limit (MDL) and was calculated as three times the standard deviation of seven 1S-spiked

blank mineral water samples.??® The lower limit of quantification (LOQ) was set as 10
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standard deviation units above the average blank response.??” The minimum reporting

level (MRL) was set at the MDL.?%’

2.2.7. Method Performance

All chromatograms, standard curves, and corresponding linear equations and test
statistics were obtained from MultiQuant™ Software (Version 3.0). Method performance
values were calculated from concentration values obtained from MultiQuant™ using
Microsoft® Excel® 2016.

The linearity, sensitivity, recovery, and precision of standard samples were
calculated to evaluate LC-MS/MS method performance. Standard curves were fitted with
linear regression models without weighting and evaluated for fit of linearity (R?).
Sensitivity was calculated as the signal to noise ratio (S/N) associated with the lowest
standard point. Percent recovery was determined relative to a known addition in a river
water sample (corrected for blank river water metformin or guanylurea levels); recovery
was calculated for duplicate 10 ng L2, 50 ng L%, and 200 ng L™* spikes and averaged
together to get final average percent recovery for each compound, if the individual
recoveries were within 20% variation of each other. Precision was estimated by the
relative percent difference between field duplicate samples (collected from the same site
to minimize the influence of site variability), averaged over each LC-MS/MS run.
Instrument precision was estimated from the relative percent difference between
reinjections of the same sample. Peak retention time and shape were also compared
between and within LC-MS/MS runs to determine general peak precision. The standard

deviation between runs for predicted values from standard curves was used as a proxy for
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intermediate precision (i.e., precision among runs). During the final LC-MS/MS run, a
larger standard curve spanning 0-1000 ng L™ was used to estimate the accuracy and
intermediate precision of values predicted to be beyond 300 ng L™.

Internal standard precision was based on within-run variation of IS response (i.e.,
peak area). Samples with IS responses that exceeded 60% of the mean IS response of all
samples in the corresponding run were noted as potentially overestimated or
underestimated and excluded from data analysis.

Average peak retention time was 3.6-3.7 minutes for metformin and 3.4-3.5
minutes for guanylurea. Linear models were successfully fitted to both metformin and
guanylurea standards, with R? > 0.99 for each standard curve. Significant baseline noise
was consistently observed with guanylurea peaks, however, the average signal to noise
ratio (S/N) for both metformin and guanylurea standards was > 9 (Figure 2.2A). Matrix
effects were determined to be minimal based on average recovery of 106% (+9%) for
metformin and 106% (x£7%) for guanylurea. Minimal matrix effects were confirmed by
precision values, which were <30%. Limits of detection, precision, and sensitivity are
summarized in Table 2.3.

Vial cap contamination issues were present in standard samples used for two of
five LC-MS/MS runs. Vials normally used for standard solution dilution were used in a
separate metformin-spiked sediment experiment in July 2017. Despite extensive cleaning
by the NAWQA protocol, many standards prepared with vial caps used in the sediment
experiments showed extremely high metformin contamination and caused a shift in the
standard peak shape of accurate standards. As a result, the peak shapes of standards used

in calibration curve calculation was consistent within LC-MS/MS runs (Figure 2.2A) but
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varied more between runs: peak width at half maximum showed < 6% variance within
runs for metformin peaks and < 14% variance for guanylurea peaks, and between-run
variance in peak width at half maximum was 9% for metformin standards and 21% for
guanylurea standards.

The standard curve linear regression models varied among runs but the
intermediate precision was acceptable for estimating relative metformin and guanylurea
levels in river water samples. Metformin standard curve variation was primarily due to
the August vial cap contamination, which limited the number of acceptable standard
points for the two respective August LC-MS/MS runs. Guanylurea standard curve
variation was likely due to noisy chromatogram baselines (Figure 2.2B). A comparison of
predicted values from each model indicated standard deviations of 5-7 ng L™ between
runs for actual metformin values of 0-100 ng L™, and standard deviations of 5-25 ng L™
between runs for actual metformin values of 100-300 ng L. Similarly, there were
standard deviations of 0-12 ng L between runs for actual guanylurea levels of 0-100 ng
L1, and standard deviations of 12-40 ng L between runs for actual guanylurea levels of
100-300 ng L"*. Comparison against a larger standard curve spanning 0-1000 ng L™
revealed high standard deviations of 25-97 ng L™ and 66-135 ng L™ among runs for
actual metformin and guanylurea values of 300-1000 ng L™, respectively. However, only

6% of the total river water data (3% of the year-round data), exceeded 300 ng L.
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Table 2.3. Limit of detection (MDL), limit of quantification (LOQ), correlation
coefficients (R?), recovery, and precision for metformin and guanylurea in river water.
Limit of detection was based off the estimated MDL as established by EPA protocol
(CITE). The correlation coefficient (R?) corresponds to the standard curve used for MDL
and LOQ calculations. Precision is based on the average relative percent difference
between field duplicates over each LC-MS/MS run.

Method Limit of Correlation Recoverv | Precision
Compound | Detection Limit | Quantification | coefficient (%) y (%)
(MDL) (LOQ) (R)
Metformin 0 0
(ng L) 0.42 1.80 0.993 106% 26.0%
Guanylurea 4.83 20.91 0.998 106% 21.1%
(ng L)
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Figure 2.2A. LC-MS/MS chromatograms showing representative standard peaks. Each
group of peaks were taken from the same run, except the largest guanylurea peak which was
taken from a different run to represent a high concentration.
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B. Sample Peaks
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Figure 2.2B. LC-MS/MS chromatograms showing representative sample peaks.

2.2.8. Sample Variance

two of the five LC-MS/MS runs. Specifically, samples from each of these runs exceeded
60% mean IS response. As a result, ~4% of metformin data and ~5% of guanylurea data

from river water samples were noted as potentially overestimated or underestimated and

Internal standard response in river water samples exhibited high variation during

excluded from data analysis.

triplicates of river water samples (Table 2.4), but could not be definitely attributed to

field methods or environmental variation. Field blanks with Milli-Q showed minimal

High standard deviations of analyte concentrations were often observed between

guanylurea contamination (<12 ng L1), but indicated possible metformin field

contamination ranging from ~11-27 ng L™ and, in one case, ~80 ng L. Contamination of

field blanks could have arisen from contamination of caps from jars used in metformin-
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spike experiments with sediments. This is possible since the 1 L glass jars used for water
sampling in Milli-Q field blank prep were used to collect sediment during the sediment
experiments; however, since metformin spikes were not added to the 1 L jars,
contamination from the caps could only have occurred if there was a source of metformin

in the natural sediments collected from Columbia River habitats.

Table 2.4. Standard deviations of triplicate river water samples at year-round sites for each
month of the sampling period.

Site | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | June | July | Aug | Sept
BAT | 74.2 | 347 | 175 | 10.4 | 4.9 11 1.3 6.2 16.7 46.5 40.9 5.2
KD 142 | 464 | 1.3 | 19.0 | 0.7 2.4 2.2 43.2 | 149.8 | 113.1 0.6
KU 6.0 2.3 17 | 214 | 20 0.7 2.7 145 2.7 27.2 14.9 15.3
KPP | 7.2 5.0 21 | 114 | 34 3.1 38.7 29.2 76.7 | 280.0 4.0 366.6
CHL | 126 | 3.2 18 | 150 | 3.8 | 15.0 6.5 34.6 3.1 536.2 | 37.1 68.2
CMS | 1.9 3.2 | 400 | 2.0 0.9 0.9 4.7 306.5 8.4 201.0 1.1 206.2
RR 331 | 3.1 1.6 1.8 5.9 1.2 4.7 717 | 279.1 5.9 63.5 20.3
OH 3.8 | 817 | 83.0 | 3.2 8.4 1.3 8.3 73.8 2.1 704.8 | 150.1 15
IH 73 | 712 | 24 14 | 1.0 22 | 1212 | 3.0 | 1056 | 419 | 54

Shapiro-Wilk tests on concentration data found that metformin and guanylurea
concentrations were not normally distributed (MET: W=0.769, p<0.0001; GUAN:
W=0.765, p<0.0001). A In(1+x) transform was applied to metformin and guanylurea
concentration data in order to make response variables more normal prior to constructing
GAM models (Shapiro-Wilk, MET: W=0.986, p=0.721; GUAN: W=0.948, p=0.011).
Ratio data was also non-normal (Shapiro-Wilk, W=0.690, p<0.0001), so a cube root
transformation was applied to make normally distributed data for GAM models (Shapiro-
Wilk, W = 0.978, p=0.333).

Since metformin and guanylurea concentration data were not normally
distributed, outlier tests could not be performed. Only one sample point was excluded

from data analysis (Outer Hook, Sept #2) due to likely contamination inferred from a
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peak response that exceeded 300x that of the other two replicates. All other samples with

acceptable internal standard responses were included in data analysis.

2.2.9. Data Analysis

All multi-variate analyses, graphs, and statistics were performed using R Studio
(Version 1.1.383) or Microsoft® Excel® 2016. Boxplots were used to show the mean,
standard deviation, and outliers of metformin and guanylurea concentrations by site and
by month. The ratio of guanylurea to metformin (G:M) was treated as an additional
variable for approximation of metformin transformation. Heat maps were used to
simultaneously visualize compound concentrations relative to site location and sampling
month.

Principal component analyses (PCA) of river condition measurements
corresponding to each sample point (i.e., average of triplicates) were used to reduce data
dimensionality to principal components that explained >75% cumulative variation in the
dataset. Two separate PCAs were performed on river condition data obtained from
sensors located upstream and downstream of the Willamette-Columbia confluence (River
km 156) in order to account for estuarine and riverine influence. River variables with
>50% correlation with the first or second principle components were considered as
possible explanatory variables for metformin and guanylurea data. PCAs were evaluated
and visualized using eigenvector summaries and biplot functions from the R package
‘factoextra’ and ‘FactoMineR’.

In order to account for the effect of multiple independent variables on metformin

and guanylurea, generalized additive models (GAMSs) were used for regression analysis
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of compound concentrations relative to river conditions. GAM models were constructed
using the R package ‘mgcv’ with P-spline smooth classes (Eilers and Marx 1996).
Optimum smooth term combinations were selected based on initial p-value significance
and overall lowest model AIC (Akaike Information Criterion) values. The basis
dimension of each smooth term (k) was optimized by trying different values until a visual
inspection of the model object checked against overfitting and k-index >0.9 (k-index is
the estimated residual variance divided by the residual variance, where the estimated
residual variance is the difference in near neighbor residuals according to the covariates
of the smooth). GAM models were validated by comparing AIC, Generalized Cross
Validation (GCV), and R? values to other plausible GAM models from the permutation
selection process and linear models containing the same variables. Resulting smooths of
each component were graphed with partial residuals to visualize the multi-variate
relationships of the GAM models. While single independent variable scatterplots indicate
the relationship between a single predictor and response variable, partial residual plots
take into account the effect of all independent variables in the model by letting a single
predictor vary while holding other predictors at their mean. The partial residuals of a
component represent the part of the response not explained by other terms in the model
and are ideally distributed within a 95% confidence interval around the component
smooth function. Extensive deviations of partial residuals from this boundary were noted
as poor smooth term fit with low predictive power.

Collinear variables were approximated by concurvity assessments of significant
smooth terms after the selection process. If terms exhibited > 0.75 concurvity measure,

the variables were considered collinear. High concurvity measures were calculated
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between river discharge and CDOM (>0.9), and river discharge and oxygen saturation
(>0.9), indicating strong collinearity between these environmental variables. Collinear
terms were left in the model, but identified as potentially reducing the predictive power
of independent variables. For these models, discussion was limited to overall predictive
power of the multiple regression model, considering only the combined effect of the

variables on the response with the possibility of redundant predictors.
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2.3. Results
2.3.1. River Conditions

Monthly river conditions are summarized in Figure 2.3. Overall, river discharge
was higher during sampling events associated with sites downstream of the Willamette-
Columbia confluence. Precipitation was lower during sampling events at these
downstream sites. Downstream river water was associated with higher turbidity, higher
salinity, and lower oxygen saturation. Since the downstream sensor was located closer to
the mouth of the river than the downstream sampling area, salinity levels at the
downstream sampling sites were likely lower than the sensor observations.

River discharge varied by season as expected from annual fluctuations in
precipitation and temperature. Discharge peaked from March to May corresponding to
the annual freshet (i.e., spring thaw). Discharge started to increase in January until May
and then decreased from June until September, corresponding to the beginning and end of
the freshet. Discharge was lowest (<7000 m®s?) from July through December at sites
upstream of the Willamette River and from July through September in sites downstream
of the Willamette River (Figure 2.3A1, A2).

Trends in river discharge corresponded to trends in precipitation, chlorophyll,
CDOM, and turbidity. Sampling events at sites upstream of the Willamette River were
generally associated with high precipitation events in all months, except May through
August (Figure 2.3D1). Increasing precipitation from January through March
corresponded with the increase in river discharge, and a peak in chlorophyll, CDOM, and
turbidity during the same time period (Figure 2.3A1, B1, E1, F1). While little

precipitation was observed during sampling events at sites downstream of the Willamette
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River, similar trends were observed between river discharge and chlorophyll, river
discharge and CDOM, and river discharge and turbidity (Figure 2.3A2, B2, E2, F2).
Chlorophyll concentrations decreased or were low during months associated with
decreasing or low river discharge (generally, July through November), and peaked during
periods of increasing river discharge (December through February for upstream sampling
events, and January through February for downstream sampling events), and peak river
discharge (May through July for upstream sampling events, and April through May for
downstream sampling events) (Figure 2.3B1, B2). Furthermore, CDOM increased from
January to April, before decreasing after peak river discharge (Figure 2.3E1, E2).
Turbidity increased during periods of high river discharge, but also showed elevated
levels from October through January during sampling events downstream of the
Willamette River.

Fluctuations in temperature and dissolved oxygen saturation were also observed
during the sampling period. Trends in river temperature followed fluctuations in river
discharge and expected seasonal air temperature (Figure 2.3A1, A2, C1, C2). River
temperature steadily increased from January until July (Figure 2.3C1, C2). Trends in
dissolved oxygen saturation tracked patterns of primary productivity which are expected
to increase in the spring when nutrients and light are increasing relative to winter months.
The increase in oxygen saturation levels from January to May corresponds to an increase
in chlorophyll during the same period. Likewise, the decrease in oxygen saturation levels

following May corresponds to a decrease in chlorophyll.
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Figure 2.3. Average monthly river conditions upstream (A1-H1) and downstream (A2-H2) of
the Willamette-Columbia confluence (River km 156) associated with times of river water
sampling from October 2016 to September 2017. Graphs show river discharge (A),
chlorophyll fluorescence (B), temperature (C), precipitation (D), CDOM (E), turbidity (F),
oxygen saturation (G), and salinity (H).
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2.3.2. Overview of Metformin and Guanylurea in the Columbia River

A total of 308 river water samples were successfully analyzed for metformin, 307
of which were also successfully analyzed for guanylurea. River water had an overall
average metformin concentration of 67.4 ng L™ (SD=127) and an overall average
guanylurea concentration of 32.6 ng L™ (SD=65.2).

Metformin and guanylurea concentrations are summarized by month in Figure 2.4
and Appendix Table 2A, and by location in Figure 2.5 and Appendix Table 2B.
Metformin at year-round sites varied by month (ANOVA, F(2,11)=3.711, p=0.0002).
Standard deviations for May to July and September were at least twice as high as the
standard deviations of other months. July and September had the highest metformin
concentrations while February to April had the lowest concentrations. A notable increase
in metformin concentration in May was also observed.

Guanylurea also varied by month (Figure 2.4; ANOVA, F(2,11)=6.454,
p<0.0001). Highest guanylurea concentrations were found in October, with generally
higher guanylurea levels occurring from September to November. Median guanylurea
concentrations exceeded metformin in October, November, and December. Lowest
guanylurea levels were found in May, June, and July. Standard deviations of guanylurea
concentrations were larger relative to other months from September to November and,
additionally, in March.

Overall, metformin (ANOVA, F(2,8)=0.716, p=0.677) and guanylurea (ANOVA,
F(2,8)=0.533, p=0.829) did not vary by individual location (Figure 2.5). River water
sampled from the downstream Kalama (River km 114) and Kelley Point Park (River km

156) locations exhibited the highest metformin concentrations among the year-round
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sites, while the highest guanylurea concentration was observed at Chinook Landing
(River km 183). Guanylurea concentration interquartile ranges were higher than
metformin at the upstream Kalama (River km 114), Camas (River km 187) and Rooster
Rock sites (River km 200); however, average guanylurea did not exceed metformin at
any site. Standard deviations were consistently high at each site, generally twice that of
the mean concentration, which likely contributed to the lack of significant differences.
General spatiotemporal patterns in metformin were observed along the river. A
heat map of metformin concentrations at each location and month showed higher
metformin concentrations at or downstream of River km 156 (73.9 +25 ng L) versus
upstream (60.2 +16 ng L) (Figure 2.6A). A two-way ANOVA testing for differences
among average concentrations upstream and downstream of River km 156 for each
month confirmed the observed higher values downstream of this site with significant
interaction effects with month (F(2,11)=1.985, p=0.0298). River km 156 marks the
location of Kelley Point Park and the confluence of the Willamette River with the
Columbia River (Figure 1). Sporadically high metformin levels occurred from May to
September at sites upstream of River km 156; however, these hotspots were caused by
more metformin “outliers” (i.e., observations beyond 1.5x the interquartile range), rather
than higher average values (Figure 4). Unlike metformin, guanylurea did not exhibit any
apparent spatial trends (ANOVA, F(2,8)=0.711, p=0.682), but rather showed a strong
temporal increase from August to January (Figure 2.6B) (ANOVA, F(2,1)=278.930,

p=<0.0001).
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Figure 2.4. Temporal metformin and guanylurea distribution in the lower Columbia
River. Compound levels for each month of the October 2016—-September 2017
sampling period are shown (year-round sites only). Top plot is a close-up image of
the 0-300 ng L™ range of the bottom plot. Dots represent all averaged triplicate
sample points outside 1.5 times the interquartile range. Everything in grey is outside

the zoomed range.
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Figure 2.6. Heatmap showing average metformin (A) and guanylurea (B) concentrations along

the lower Columbia River for each month. All data is shown on a transformed In(1+x) scale.
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2.3.3. PCA of River Data

Principal component analyses (PCA) reduced data dimensionality in order to
consider effects of environmental conditions on metformin and guanylurea levels in the
Columbia River. PCA of year-round environmental river data, including river discharge,
percent oxygen saturation, CDOM, precipitation, temperature, turbidity, and chlorophyll,
resulted in two principal components that explained >75% of the cumulative variation in
the dataset. Variables associated with river flow (i.e., river discharge, CDOM, percent
oxygen saturation, and turbidity) were most closely related to the first principal
component, while variables associated with season (i.e., precipitation, temperature, and
chlorophyll) varied the most along the second principal component. Five river variables,
including river discharge, percent oxygen saturation, turbidity, CDOM, and precipitation,
explained the most variation in the principal components for sites upstream of the
Willamette-Columbia confluence (River km 156) (Figure 2.7A). The same river
variables, excluding turbidity, explained the most variation in the principle components

for sites downstream of the Willamette (Figure 2.7B).
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2.3.4. GAM Model Performance

River condition variables partially explained trends in metformin concentrations
in the Columbia River (Table 2.5, Figure 2.8). R? values associated with GAM models
describing metformin patterns at sites upstream of the Willamette-Columbia confluence
suggested that only ~23% of the total error in the concentration data was explained by
respective upstream river predictors. However, R? values of metformin GAM models for
sites downstream of the confluence indicated almost 50% of the total error in the data
was explained by respective downstream river predictors. Both downstream and upstream
metformin concentrations were best predicted by river discharge. River discharge and
CDOM smooth terms exhibited high collinearity (>0.9) in the downstream model.
Overall, GAM models suggested that metformin had a stronger relationship with seasonal

river variables downstream of the Willamette River confluence (Table 2.5).

Table 2.5. Best-fit model comparison for GAM models predicting metformin concentrations
upstream and downstream of the Willamette-Columbia confluence. Smooth functions are
represented by “s()”. The best model is compared against two high performing GAM models
and best-fit linear model for comparison of fit. The best model (in bold) was chosen based
on the lowest AIC value.

Response variable Model GCV | R? AlIC
US Metformin In(C+1) = s(RD) + s(PRECIP) 0.832 | 0.226 | 158.2
US Metformin In(C+1) = s(RD) + s(CDOM) 0.860 | 0.192 | 160.2
US Metformin In(C+1) = s(RD) 0.874 | 0.171 | 161.3
US Metformin In(C+1) = CDOM + PRECIP 0.946 | 0.095 | 166.5
DS Metformin In(C+1) = s(RD) + s(CDOM) 0.207 | 0.444 | 61.2
DS Metformin In(C+1) = s(RD) 0.209 | 0.436 | 61.6
DS Metformin In(C+1) = s(SATDO) + s(CDOM) 0.218 | 0.471 | 62.6
DS Metformin In(C+1) =RD 0.207 | 0.439 | 61.2
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Figure 2.8. Performance of best-fit GAM models predicting metformin concentrations
upstream (A) and downstream (B) of the Willamette-Columbia confluence. High spread
around the best-fit line indicates partial predictive power for both models.

Similarly, river condition variables partially explained trends in guanylurea
concentrations in the Columbia River (Table 2.6, Figure 2.9). R? values of guanylurea
GAM models indicated ~50% of the total error in the data was explained by their
respective river predictors. Guanylurea concentrations both downstream and upstream of
the Willamette-Columbia confluence were best predicted by CDOM and precipitation;
however, downstream sites were also best predicted by river discharge and upstream sites
were also best predicted by percent oxygen saturation. River discharge and CDOM
smooth terms exhibited high collinearity (>0.9) in the downstream model, while oxygen
saturation and CDOM smooth terms exhibited high collinearity (>0.9) in the upstream
model. Overall, GAM models suggested that there was a stronger relationship between

guanylurea and river flow downstream of the Willamette River confluence (Table 2.6).
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lowest AIC value.

Table 2.6. Best-fit model comparison for GAM models predicting guanylurea concentrations
upstream and downstream of the Willamette-Columbia confluence. Smooth functions are
represented by “s()”. The best model is compared against two high performing GAM models and
best-fit linear model for comparison of fit. The best model (in bold) was chosen based on the

Response variable Model GCV| R? AIC
US Guanylurea [In(C+1) =s(SATDQ) + s(CDOM) + s(PRECIP)| 1.65 | 0.400 | 194.9
US Guanylurea IS?.(I_CL:JJ;%): S(SATDO) + s(CDOM) + s(PRECIP) + 1.64 | 0.403 | 194.8
US Guanylurea |In(C+1) = s(SATDO) + s(TURB) + s(PRECIP) 1.65 | 0.401| 195.0
US Guanylurea |In(C+1) = RD + CDOM + PRECIP 1.68 | 0.271 | 169.4
DS Guanylurea |[In(C+1) =s(RD) + s(CDOM) + s(PRECIP) 1.27 | 0.562 | 148.1
DS Guanylurea |[In(C+1) =s(RD) + s(CDOM) 1.37 | 0.509 | 152.4
DS Guanylurea |In(C+1) = s(RD) + s(SATDO) + s(PRECIP) 1.62 | 0.444 | 159.8
DS Guanylurea [In(C+1) = SATDO 1.89 | 0.264 | 203

Predicted In(1 + Concentration)
w

Observed In(1 + GUAN Concentration)

Figure 2.9. Performance of best-fit GAM models predicting guanylurea concentrations
upstream (A) and downstream (B) of the Willamette-Columbia confluence. High spread

Observed In(1 + GUAN Concentration)

around the best-fit line indicates partial predictive power for both models.

2.3.5. River Effects on Metformin Concentrations

Plots of model smooth functions describing metformin concentrations relative to

the Willamette-Columbia confluence showed that metformin changed most with river

discharge downstream of the Willamette River. The metformin GAM model for samples

downstream of the Willamette River showed a linear inverse response to river discharge

over the entire range of observed discharge rates (~3500-18,000 m*s™) (Figure 2.10A).

For samples upstream of the Willamette River, an inverse relationship between

metformin response and river discharge was also observed at ~2000-8,000 m3s?;
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however, a positive relationship was observed at river discharge >8,000 m® s (Figure
2.10C). Large variance in metformin concentrations across river discharge values
indicated high predictive error, which may have obscured trends in response to river
discharge levels for upstream sites (Figure 2.10C).

Metformin concentrations also varied inversely with CDOM downstream of the
Willamette-Columbia confluence (Figure 2.10B) and inversely with precipitation
upstream of the confluence; however, these effects were either very small or associated
with high error (Figure 2.10D). The CDOM smooth of the downstream metformin model
produced a slightly negative response in metformin concentrations (Figure 2.10B). The
precipitation smooth of the upstream metformin model produced a negative response in
metformin at values ranging from 0-10 mm rainfall and produced a mostly negligible
response at rainfall levels >10 mm (Figure 2.10D). However, a large number of sampling
events during low precipitation events produced high variance in metformin partial
residuals at low predictor values, which may have obscured overall trends in response to

precipitation levels for upstream sites (Figure 2.10D).
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Figure 2.10. Component smooth functions for metformin GAM models based on samples taken
downstream (A-B) and upstream (C-D) of the Willamette-Columbia confluence. Each plot
shows the effect of a significant predictor variable given other model variables are held
constant. Dots represent partial residuals of each smooth, which represent the model response

that was not explained by other terms in the model. The grey shaded regions represent 95%
confidence intervals.

2.3.6. River Effects on Guanylurea Concentrations

Similar to metformin, plots of model smooth functions describing guanylurea
concentrations relative to the Willamette-Columbia confluence showed that guanylurea
changed most with river discharge downstream of the confluence. An inverse relationship
between guanylurea response and river discharge was observed at ~3500-10,000 m3s*
for downstream samples, with river discharge >10,000 m® s** producing negligible
response (Figure 2.11A). River discharge did not explain guanylurea concentrations
upstream of the Willamette—Columbia confluence; however, oxygen saturation was

associated with a negative response in guanylurea concentrations at saturation levels of

110-130% (Figure 2.11D).
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Guanylurea concentrations also varied with CDOM and precipitation upstream
and downstream of the Willamette—Columbia confluence. Specifically, downstream
guanylurea concentrations varied directly with CDOM (Figure 2.11B) and, somewhat,
with precipitation (Figure 2.11C). The CDOM smooth of the upstream guanylurea model
produced a more variable response in guanylurea concentrations, with a negative
response at CDOM values of ~5-7, and a positive response from CDOM values of ~7-21
(Figure 2.11E). Likewise, the precipitation smooth of the upstream guanylurea model
produced a more variable response in guanylurea concentrations, with a positive response
at precipitation values from ~0—6 mm and a negative response at precipitation values

from ~6-21 mm (Figure 2.11F).
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Figure 2.11. Component smooth functions for guanylurea GAM models based on samples
taken downstream (A-C) and upstream (D-F) of the Willamette-Columbia confluence. Each
plot shows the effect of a significant predictor variable given other model variables are held
constant. Dots represent partial residuals of each smooth, which represent the model response
that was not explained by other terms in the model. The grey shaded regions represent 95%
confidence intervals.

2.3.7. Sewage Source and Transformation Effects on Metformin

Since environmental conditions failed to explain at least half of the variation in
metformin and guanylurea concentrations in the Columbia River, source-driven variation
was explored. Comparison of average compound concentrations at sites adjacent to
sewage treatment plants at the Kalama and Hook sites revealed variable patterns based on

compound, location, and season. A two-way ANOVA of metformin concentrations for

60



each month group at Kalama sites (F(1,52)=1.877, p=0.177) and Hook sites
(F(1,54)=0.615, p=0.436) found no main effects of location relative to the sewage pipe
(Figure 2.12A, B). Similarly, no effects were observed for guanylurea concentrations at
the Kalama site (F(1,56)=0.339, p=0.563) (Figure 2.12A). Some sewage pipe effects on
guanylurea were observed at the Hook site (ANOVA, F(4,50)=2.697, p=0.0411), but a
visual inspection of upstream vs. downstream pipe trends showed this occurred only in
December (Figure 2.12B). While several sites appeared to slightly increase/decrease in
metformin or guanylurea (Figure 2.12A, B), these differences were mostly not significant

due to high standard deviation.

61



250

—_ A
.|
S 200 -
£
S 150
B
£ 100 -
(/]
Q
S 50 -
o
0 L] L] L] L] L] L] L] L] L] L] L]
J F M A M J J A S O ND
MET Upstream MET Downstream
GUAN Upstream GUAN Downstream
250 501.58
—_ B
=
S 200 -
£
S 150 -
g
£ 100 A
(]
(5
S 50 -
o
0 L] L] L] T T L L T T L L
J F M A MJ J A S OND
MET Inner Hook MET Outer Hook
GUAN Inner Hook GUAN Outer Hook

Figure 2.12. Concentrations of metformin and guanylurea at sites near sewage effluent pipes
for each month group at Kalama (A) and Hook (B) locations. Adjacent bars show the
compound levels upstream or shielded from effluent relative to the adjacent site receiving
effluent input. January data at the Inner Hook site was unable to be collected due to frozen
weather conditions (B). The number above the June bar for the Outer Hook site (B) indicates
a concentration above the 0-250 ng L™ range of the y-axis.

Evidence of metformin transformation along the river was explored by evaluating
the percent change in metformin from the downstream-most site to respective site
locations along the length of the river for each month group (Figure 2.13). With the
exception of August, which showed minimal positive changes, metformin changes were

mostly negative at sites upstream of River km 180 from May through September,
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indicating a decreasing trend along the river during summer months. Metformin changes
were mostly positive from October to December, suggesting an increasing trend along the
river during autumn and early winter months. Relative to guanylurea, metformin
remained unchanged from mid- to late-winter and spring months (January to April).
Guanylurea changes along the river were negative from January to April and fluctuated
between positive and negative changes at each site relative to the mouth of the river for
the rest of the year. The variable changes along the river for the rest of the year were
relatively small compared to the negative guanylurea changes along the river during the

months of January through March.
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Figure 2.13. Percent change in metformin and guanylurea concentrations along the Columbia
River. Percent change was calculated from the difference between average concentration at a
site and the average concentration at the downstream-most site (“river mouth”) (%A=CrinaL-
Coric/Coric). Negative values indicate a decrease. If no concentration was measured at the
downstream-most site, sites were compared to the next most downstream site.
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In order to further explore the possibility of transformation, the ratio of

guanylurea to metformin (G:M) was used as a proxy for metformin breakdown. Plots of

G:M showed that occurrences of guanylurea exceeding metformin were most commonly

observed at sites upstream of the Willamette-Columbia confluence (River km 156),

except in October and at one site in March (Table, 2.7, Figure 2.14). A two-way ANOVA

testing for differences between average concentrations upstream and downstream of

River km 156 at each month verified that average G:M was generally higher upstream of

River km 156 (F(1,273)=23.56, p<0.0001). Temporal patterns in G:M were also present

(ANOVA, F(11,273)=15.66, p=0.0001) and indicated that guanylurea exceeded

metformin from September to December (Table 2.8, Figure 2.14).

Table 2.7. Average ratio of guanylurea to
metfomin at year-round sampling sites
along the lower Columbia River for the
sampling year (Oct 2016-Sept 2017).
River kilometer is a measure of distance
(km) from the mouth of the river.
Standard deviations are in parentheses.

Site Rli\r/r?r G:M Ratio
BAT 79 0.36 (+0.5)
KD | 114 |  0.75(+1.8)
KU | 114 |  0.74(z1.0)
KPP | 156 |  0.31(x0.3)
CHL | 183 | 1.19 (¥2.2)
CMS | 187 |  121(x22)
RR | 200 | 210(x3.0)
OH | 261 | 097 (£1.3)
IH | 261 |  1.91(4.1)

Table 2.8. Average ratio of guanylurea to
metformin at year-round sampling sites
along the lower Columbia River for the
sampling year (Oct 2016-Sept 2017).
Standard deviations are in parentheses.

Month G:M Ratio
January 0.86 (x1.0)
February | 0.48 (+1.2)
March | 0.60 (£2.2)
April | 0.61 (+1.2)
May | 0.04 (+0.1)
June | 0.50 (+1.2)
July | 0.02 (+0.1)
August | 0.88 (+1.0)
September 1.10 (x2.2)

October 3.12 (¥2.7)
November 2.66 (+4.6)
December 1.51 (x1.6)
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Figure 2.14. Spatiotemporal distribution of the ratio of guanylurea to metformin in the lower
Columbia River. The average of triplicate samples was considered one sample point. Dots
represent all sample points outside 1.5 times the interquartile range.
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Possible environmental effects on metformin transformation upstream and
downstream of the Willamette-Columbia confluence were analyzed by GAM models.
Concentration ratio data were best predicted by temperature and CDOM. Similar to the
prior GAM models on individual compound data, river variable smooth predictors best
explained the total error in downstream G:M ratio data (Table 2.9).

Similar to the guanylurea models, the downstream G:M GAM model indicated a
strong inverse relationship between G:M and river discharge values between ~3500-
10,000 m®s* (Figure 2.15A), while the upstream model indicated no relationship
between river discharge and guanylurea concentrations upstream of the Willamette-
Columbia confluence. Also similar to guanylurea models, the upstream G:M GAM model
showed an inverse trend with percent oxygen saturation; however, partial residuals were
often outside the confidence bands of the smooth predictors (Figure 2.15D).

Other significant predictors included precipitation, which had a largely positively
relationship to G:M values in both downstream and upstream models. However, ratios in
upstream samples associated with precipitation values >6 mm showed an unchanging or
inverse relationship between G:M and precipitation. The downstream G:M GAM model
also indicated a slightly positive relationship with CDOM, which leveled off after CDOM

values of 1.
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Table 2.9. Best-fit model comparison for GAM models predicting the ratio of guanylurea to
metformin. Smooth functions are represented by “s()”. The best model is compared against two
high performing GAM models and best-fit linear model for comparison of fit. The best model
(in bold) was chosen based on the lowest AIC value.

Response variable Model GCV | R? |AIC
US G:M CY® = s(SATDO) + s(PRECIP) 0.232 | 0.322 | 81.3
US G:M C3 = 5(SATDO) + s(CDOM) + s(PRECIP) 0.232 | 0.323 | 81.3
US G:M CY3 = 5(CDOM) + s(PRECIP) 0.241 | 0.295 | 83.6
US G:M C13=SATDO 0.254 | 0.174 | 87.1
DS G:M C¥ =s(RD) + s(CDOM) + s(PRECIP) 0.091 | 0.486 | 21.7
DS G:M C3 = s(RD) + s(CDOM) + s(PRECIP) + s(TURB) | 0.090 | 0.520 | 20.2
DS G:M CY3 = s(RD) + s(CDOM) + s(TURB) 0.095 | 0.490 | 22.8
DS G:M CY3=RD + CDOM + PRECIP 0.108 | 0.346 | 30.3
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Figure 2.15. GAM model component smooth functions for the ratio of guanylurea to
metformin based on samples taken downstream (A-C) and upstream (D-E) of the Willamette-
Columbia confluence. Each plot shows the effect of a significant predictor variable given
other model variables are held constant. Dots represent partial residuals of each smooth,
which represent the model response that was not explained by other terms in the model. The
blue shaded regions represent 95% confidence intervals.
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2.3.8. A Brief Investigation of Sorption

Potential vial cap contamination issues observed in the LC-MS/MS runs prompted
a short investigation into the sorption of metformin on Columbia River sediment.
Acetonitrile (ACN) extractions of baked and unbaked river sediment spiked with
metformin showed very poor recovery of 1 pg mL™* metformin spikes. Each treatment
had different recoveries of metformin (ANOVA, F(2,8)=49.30, p=0.0002), with only
0.7% of the metformin spike recovered in baked sediment and only 3.4% in the unbaked
sediment (Figure 2.16). No un-spiked unbaked sediment samples were processed for

comparison of baseline river sediment metformin levels.
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Figure 2.16. Acetonitrile extraction results of metformin-spiked Columbia River sediment.
Bars represent (left to right) metformin concentrations in ACN extracts from unspiked, baked
sediment; metformin-spiked, baked sediment; and metformin-spiked, unbaked sediment.
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2.4. Discussion
2.4.1. Metformin as a CEC in the Lower Columbia River

Metformin was detected and quantified in the lower Columbia River at levels
comparable to concentrations found in streams (ng L?),1346.162.165223 3nd sewage effluent
(ug L 1), 51:160.167.223 The preakdown product of metformin, guanylurea, was also
simultaneously detected at concentrations typically lower than metformin. Both
metformin and guanylurea exhibited high variation in concentration along the river and
across sampling months, but outliers were not beyond the range of stream concentrations
found in other studies.'6222% With a few exceptions in May and August, metformin levels
inversely tracked the annual pattern of the freshet, with lowest levels in high-flow spring
months (Feb-Apr) followed by highest levels in low-flow summer months (July-Sept).
Guanylurea concentrations tended to track precipitation, with highest concentrations
observed during low-flow/high-precipitation periods (Oct-Dec). Seasonal environmental
factors only partially explained variation in metformin and guanylurea, but an exploration
of alternative sources and particle-level interactions provided preliminary evidence for
metformin distribution and behavior in a high-volume river system.

It should be noted that 2016-2017 was an exceptionally high precipitation year,
with a relatively high river discharge and high average rainfall.??° Thus, metformin
concentrations observed in this study may be lower than the average surface water
concentrations observed in normal or low precipitation years within the lower Columbia

River.
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2.4.2. Influence of River Discharge on the Distribution of Metformin

Seasonal river discharge patterns best explained metformin concentrations
downstream of the Willamette-Columbia confluence. The data suggest that input to the
lower Columbia from the Willamette River explain spatial trends in metformin
concentration. Sites downstream of River km 156 had elevated metformin concentrations
relative to upstream sites, suggesting that inputs from the Willamette River provide an
important source of metformin. River discharge and CDOM accounted for approximately
half of the variation in downstream metformin concentrations. The low levels of
metformin observed at high discharge fluxes reflected effects of dilution from water
volume during high-flow months. Since the CDOM effect was so small, and since
CDOM was found to be highly collinear with river discharge, discharge could be
considered the dominant river variable affecting metformin concentrations in the
Columbia River downstream of the Willamette.

The relationship between river condition and metformin concentrations upstream
of the Willamette-Columbia confluence was less clear than the relationship observed for
downstream sites. While low discharge was generally associated with higher metformin
concentrations reflecting river dilution effects, upstream river discharge effects were
associated with a high degree of predictive error. Thus, metformin concentrations
upstream of the Willamette-Columbia confluence may be less significantly influenced by
single sources than metformin concentrations downstream of the confluence. Rather, the
variable trend between metformin concentrations and river discharge may reflect the
significance of multiple small sources of metformin to the Columbia River before the

river receives a large influx of metformin from the Willamette River.
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Low precipitation was generally associated with higher metformin concentrations
in this upstream section, which suggests that the effects of multiple small sources may be
higher during drier periods. However, the methods employed by this study may have
failed to capture precipitation effects since environmental data were recorded only at the
time of sampling, which often coincided with times of low rainfall despite high average
monthly precipitation. Moreover, potential lag time between a precipitation event and its
effects on the river may have obscured effects of precipitation observed in this study.

Overall, the clearer relationship between river discharge and metformin
downstream of the Willamette-Columbia confluence relative to upstream indicates a
strong relationship between large riverine sources and metformin concentrations. The
Willamette River is the thirteenth largest river by volume in the United States and a
major tributary of the Columbia River that accounts for ~15% of total Columbia River
discharge.*® From its source in the mountains south of Eugene, OR, the mainstem
Willamette flows 187 miles north and forms a watershed that drains an area containing
70% of the population of Oregon.?®® With so many inputs from local population, sewage
treatment, and runoff, the Willamette River likely delivers high concentrations of
metformin to the Columbia River. However, while other studies have found trace levels
of pharmaceuticals and endocrine-disrupting compounds in the Willamette River,
metformin has not been measured.?%%??2 Future research should monitor monthly
metformin levels and river conditions at the mouth of the Willamette and other tributaries
into the Columbia River in order to elucidate the contribution of riverine inputs to total

metformin concentrations.
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2.4.3. Influence of River Discharge on the Distribution of Guanylurea

Similar to metformin, seasonal river discharge best explained guanylurea
concentrations downstream of the Willamette-Columbia confluence. The low levels of
guanylurea observed at high discharge fluxes reflected effects of dilution from water
volume during high-flow months. Moreover, high CDOM values downstream of the
confluence were associated with high guanylurea concentrations, and high precipitation
values were very slightly associated with high guanylurea concentrations. However, as
with metformin data, precipitation effects were likely obscured by sampling methods,
which were limited to downstream sampling times during mostly periods of low
precipitation that did not account for high monthly average precipitation. Additionally,
CDOM collinearity with river discharge made it difficult to isolate CDOM effects. Thus,
river discharge could be considered the dominant river variable affecting guanylurea
concentrations in the Columbia River downstream of the Willamette.

Upstream guanylurea concentrations were not explained by river discharge.
Rather, low guanylurea concentrations were associated with periods of high percent
oxygen saturation and intermediate CDOM values, and high guanylurea concentrations
were associated with periods of intermediate precipitation. The reasons behind these
trends are unknown since very little is known about guanylurea as a chemical compound
in the environment; however, since high precipitation was associated with the upstream
sampling period from October to December during which guanylurea concentrations
were highest, these data suggest a connection between rainfall and high guanylurea levels
in the Columbia River. Studies have shown that rainfall dramatically increases

contaminant loading into receiving surface waters by increasing surface and groundwater
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runoff.”®23! With a historical annual rainfall reaching to over 110 in, the Columbia
watershed experiences strong precipitation patterns throughout the year.?* Since
guanylurea is a breakdown product of multiple agricultural, munitions, and industrial
compounds which might also be in the environment, 617 it is expected that periods of
high precipitation would be associated with higher occurrence of guanylurea in the river.

Indeed, multiple results from this study provide evidence for non-point sources of
guanylurea in the Columbia River. The lack of spatial variation in guanylurea along the
river indicates diffuse sources. The negative relationship between discharge and
guanylurea concentrations downstream of the Willamette—Columbia confluence tapers
off sooner than was observed with metformin, suggesting that the highest discharge
values were associated with delivering more non-river (i.e., terrestrial or groundwater)
sources of guanylurea to the river. Furthermore, elevated guanylurea levels from October
to December at the Inner Hook site (a small area shielded from local sewage effluent and
mostly surrounded by land) indicated higher guanylurea input from terrestrial sources
during high precipitation periods.

Overall, the clearer relationship between river discharge and guanylurea
downstream of the Willamette-Columbia confluence relative to upstream provides further
evidence in support of the significant effect of the Willamette River on the overall
metformin and guanylurea concentrations of the Lower Columbia River. Nonpoint
sources (e.g., septic, landfill leachate, agricultural runoff, groundwater) picked up by
precipitation may be an important driver of guanylurea concentrations upstream of the

confluence, but this study was unable to elucidate these effects.
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2.4.4. Additional Sources and Evidence of Metformin Transformation

Surprisingly, it was found that sewage inputs did not increase metformin levels,
but these results were possibly skewed by high river flows. Sites directly downstream
from wastewater effluent pipes mostly did not have elevated metformin or guanylurea
concentrations relative to sites directly upstream or shielded from the pipes. Given that
metformin and guanylurea have been measured at high levels (ug L) in sewage effluent
in other studies,>167223 the lack of sewage effect on metformin levels was unexpected,
but not improbable given the relatively higher river discharge and mixing rates of the
Columbia River. Related confounding factors were the broad sampling radius relative to
the sewage pipes and relatively lower effluent discharge volume which, in conjunction
with high river flow and mixing, may have quickly diluted any elevated metformin
concentrations from effluent. These results provide further evidence in support of
discharge-driven metformin levels in the river and explains the lack of significant local
metformin variation along the river. Since it is known that metformin enters the
environment largely via wastewater, 19163164233 jt is [ikely that metformin concentrations
are driven by the combined input of multiple sewage sources into the river. These results
also suggest illustrate the difficulty in measuring small point sources in such a high-
volume water system; future research should measure the effects of Columbia River
discharge on effluent dilution at varying distances from effluent pipes.

This study could not confirm metformin transformation within the Columbia
River. From May to September, metformin mostly decreased from each site to the
downstream-most site, thereby indicating possible transformation during these months.

During the same period, guanylurea varied between increasing and decreasing from each
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site to the downstream-most site, but absolute changes in guanylurea were very small
relative to absolute metformin changes due to the low guanylurea concentrations during
these months. Thus, metformin transformation into guanylurea was either very low or not
occurring. In support of this idea, G:M values mostly did not increase in the season from
June to September when the only evidence of transformation along the river was
observed; this indicates minimal production of guanylurea relative to the decreased
metformin concentration in the summer season. Moreover, metformin levels at each site
in the following season (Oct—-Dec) did not decrease along the river, and generally higher
levels of guanylurea at each site relative to the downstream-most site indicated an influx
of guanylurea from non-point sources. These data suggest that metformin transformation
may be occurring in the river at low levels, but that metformin sources and environmental
variables are stronger drivers of metformin and guanylurea variability in the Columbia
River. This conclusion is also supported by model predictions of high river discharge
associated with low G:M values in sites downstream of the Willamette-Columbia
confluence, which suggest the dominant influence of river flow in controlling metformin
and guanylurea concentrations in the river, rather than transformation. However, given
that river variables were less effective at explaining upstream G:M values, transformation
of metformin might better account for metformin variations upstream of the Willamette

River relative to downstream sites.

2.4.5. Inferences from Water Analysis Methods
River water analyses by LC-MS/MS with direct injection successfully enabled

low-level detection and quantification of metformin and guanylurea without solid phase
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extraction. This study found metformin and guanylurea detection levels akin to other
studies®® with higher guanylurea recovery due to successful implementation of °N-
labelled guanylurea internal standard. However, high variability was periodically
encountered throughout the sampling year, with river water samples showing large
sporadic spikes in metformin concentrations.

Metformin variability among river water samples cannot be fully explained by
sampling methods or contamination. The vial cap contamination issues that were
observed in the standard curves do not apply to the samples, since separate vials that had
not touched sediment were used to collect river water and field blanks. Since 1 L jars
were sometimes used to collect sediment, it could be argued that field blank
contamination and sample variability was caused by metformin sorption to the cap of the
1 L grab sample jars, similar to the standard curve contamination from the dilution vial
caps. If this were true, 11-80 ng metformin would be required to be present in the Milli-
Q field jar. However, even if 1 pug sediment residue was stuck to the jar cap from
previous sediment collection in the same jar, at least 11 pg metformin would have to
adsorb to the particulate residue, resist removal by extensive acid and methanol washing,
and then completely desorb into Milli-Q. This level of contamination is highly unlikely,
since field jars only contained natural sediment and were not spiked with metformin, and
since metformin may strongly adsorb to particulate matter even in the presence of a
desorption solvent like acetonitrile (ACN). Thus, field blank contamination was likely
not due to sediment contamination of jar or vial caps.

Although some variability could have been introduced in the data processing

steps, for example during the integration of peaks subject to varying degrees of baseline
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drift—a commonly observed source of error in high performance liquid
chromatography?*?%—visual inspection of the individual peaks showed no obvious peak
tailing, splitting, or fronting. Moreover, peaks associated with high values were indeed
much larger than peaks associated with lower values, and internal standards were
comparable in terms of peak height and area. Since error due to instrumentation methods
was unlikely given that patterns in elevated metformin levels between samples were
random and blanks interspersed with long sample runs did not show evidence of sample
carryover, it is very likely that the variability observed in this data set is real. Sources of
this variability should be investigated further in future studies.

One line of further investigation involves examination of the importance of
metformin speciation and its potential effect on particle interactions. Observations in this
study suggest that chemical speciation and related physicochemical interactions may
explain variation between sample replicates. The metformin contamination issues that
appeared after cleaning and reusing sediment-exposed lab vials and field jars indicated
possible interaction effects between metformin and particulate matter in the river. As a
highly soluble and polar species, metformin likely does not sorb to organic matter in
sediments and soils via hydrophobic interactions.?3® However, as a cationic species at the
pH of typical river samples (pH 7-8), metformin may sorb to negatively charged soil and
sediment surfaces via ionic interactions.?” The sorption behavior of cationic species to
clay minerals is often complex,?3 as demonstrated by conflicting and limited
experimental data on metformin Ko (organic carbon-water partition coefficient) values
versus measured metformin levels in sediment?4140.141,160223.237.239 Eqr jnstance, a 2002

USGS study on the distribution of PPCPs between water and sediment found that
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pharmaceuticals, including metformin, with low predicted partitioning coefficients were
unexpectedly found at higher concentrations in sediment than surface water.?* These
discrepancies may be explained by the idea that single parameter Kqw sorption models
may be unreliable for Ko estimations of polar compounds since they do not account for
both nonpolar (van der Waals) and polar (electron) interactions between sorbent and
sorbate.?® Indeed, metformin has been detected at levels up to 140 ng g™* in sediment.*6°
Moreover, a recent study on the adsorption of metformin to montmorillonite clay
particles found “a great affinity of metformin towards the clay mineral”,**? and another
recent study has found metformin to act as a cationic partner toward DNA.?*° Based on
this information, it is plausible that the sediment residues on vials caps used in this study
may have caused trace variation in metformin quantification.

lonic sorption also presents an explanation for the metformin variability observed
in river water samples. Cation exchange capacity of particles is directly related to particle
surface area.?°%2*! Sample collection in this study took place in shallow water on beaches
or rocky shorelines where greater particle capture was likely to occur. The filter size used
for river water samples in this study was not large enough to remove particles <0.7 um
which have greater surface area ratios than larger particles;?** thus, the measured
metformin concentrations may have actually been a summation of surface water and
colloidal concentrations. Furthermore, this study utilized a known desorption agent,
acetonitrile (ACN), for the solvent gradient during HPLC separation, which could have
desorbed compounds on unfiltered particles during LC-MS/MS analysis. Given the trace
levels of metformin or guanylurea in river water (ng L), only a small amount of

desorption would be necessary to drastically skew quantification. This author encourages
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future field experiments to explore metformin sorption to colloids and establish

environmentally relevant metformin Ko values for different sediment types.
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CHAPTER 3: EFFECTS OF METFORMIN ON PHYTOPLANKTON

PHOTOSYNTHESIS AND GROWTH

3.1. Introduction

There is ample evidence that pharmaceuticals and personal care products (PPCP)
are present in waterways throughout North America,*6:48°0160.166 yiat the ecological effects
of pharmaceutical compounds are poorly known. Of particular concern is the lack of
ecotoxicity data associated with metformin, despite its high prescription rate and
correspondingly high occurrence in wastewater influent and surface waters of North
America and Europe.1346:5051.160 Ag an unmetabolized bioactive compound that is
persistent in the environment, metformin has the potential to affect aquatic organisms in
unpredictable ways that need to be elucidated for environmental risk assessment.

Of the limited research on metformin ecotoxicity, there have been possible effects
on endocrine disruption, growth, and mortality, however, effects on the lower aquatic
food web (i.e., algae) remain unknown.* Tank experiments exposing fathead minnows
to metformin at wastewater-relevant levels (40 pg L) found significant upregulation of
messenger ribonucleic acid (MRNA) encoding the egg-protein vitellogenin,® with a
significantly stronger estrogenic effect on juvenile fish.2*> Some crop plants, such as
carrots, preferentially uptake metformin at the expense of growth.?** Recent work even
correlates metformin use and glucose homeostasis with compositional and functional
shifts in gut microbial assemblages.?** Perhaps relatedly, metformin also has
bacteriostatic (i.e., negative growth) effects via disruption of the folate cycle and

suppressed methionine production.” Metformin toxicity tests have been performed on
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other organisms, such as zebrafish, chironomids, and zooplankton, but only at high
concentrations testing for acute toxicity.4

The effects of metformin on eukaryotic microbes remains unknown. This
constitutes a critical knowledge gap since microbes carry out key biochemical functions
that influence energy flow through aquatic food webs. In particular, algae form the
foundation of aquatic food webs through primary production and can provide an entry
point for lipophilic (high Kow) organic contaminants.®®?4 Direct toxic effects of PPCPs
on algae have also been observed, but effects vary according to species and drug.84%-246-
248 Since metformin has a low Kow value,?*° the compound has a low bioaccumulation
factor and is more likely to alter food web dynamics and nutrient processing through
direct toxicity to algal communities.*?2%

Given its role as an AMPK-activator, metformin likely influences cell metabolism
broadly among eukaryotes. AMPK is a member of the highly conserved eukaryotic
protein kinase family that includes SnRK1 (SNF1-related protein kinase 1) in plants.?!
AMPK activation reduces anabolic processes (e.g., synthesis of fatty acids, proteins) and
increases catabolic processes (e.g., glycolysis).}*” Likewise, SnRK1 activation in plants
signals oxidative stress and reduces carbon/energy consumption.?? Specifically, SnRK1
activates genes that limit photosynthesis, biosynthetic processes, and overall energy
supply to match cellular activity to stressful conditions (e.g. less light, nutrient
deprivation).?>3 Recently, genes for SnRK1 have been found in eukaryotic algae.?>*
Consequently, metformin may activate the AMPK homolog, SnRK1, in eukaryotic algae

to signal oxidative stress and reduce cellular quotes of carbon.
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Since metformin has the potential to alter food web dynamics through allosteric
changes in algal metabolic activity, the second objective of this project was to determine
the effects of metformin on phytoplankton photosynthesis and growth. Specifically,
freshwater and marine phytoplankton cultures were spiked to a range of environmentally
and sewage relevant metformin concentrations and measured for changes in
photosynthetic activity and cell growth. It was expected that higher metformin doses
would inhibit photosynthetic activity and cell growth in all algal cells. The effect of
metformin on algae could be used to inform fundamental questions concerning the
toxicity of metformin to photosynthetic eukaryotes and other AMPK/SnRK1/SNF1
containing eukaryotes. On a larger scale, this study has particular relevance to estimating
overall environmental risk associated with metformin, including energy transfer in the
food web, and additional relevance to applied problems such as biotreatment of

wastewater?>® and biofuel production.?>®

Figure 3.1. lllustration of the hypothetical effects of metformin on an algal cell. It is proposed
that metformin causes a reduction in photosynthesis, biosynthetic processes, and cell growth by
activating a stress response through the energy-regulating AMPK homolog SnRK1.
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3.2. Methods
3.2.1. Media and Materials

All glassware used in media preparation and culturing was cleaned according to
the USGS National Water-Quality Assessment (NAWQA) protocols in order to eliminate
trace organic and inorganic contaminants.?® Sampling, culturing, and filtration
equipment was also sterilized by autoclaving.

Freshwater WC media?>’ and ESAW (enriched seawater, artificial water)
media?®®2>° was prepared in 4 L Nalgene™ narrow-mouth polycarbonate bottles.
Freshwater WC media was prepared by adding nutrient, vitamin, and metal constituents
to Milli-Q and adjusting to a pH of 7.70-7.80. ESAW media was prepared by adding
nutrients to Milli-Q, which was bubbled overnight with air before adding metal and
nutrient constituents and adjusting to a pH of ~8.20. Prepared media was filtered through
EMD Millipore™ (Temecula, CA) 0.45 pm mixed cellulose ester filter membranes with
an EMD Millipore™ borosilicate glass 1 L vacuum flask, 300 mL funnel, and base with a
silicon plug and aluminum clamp. Filtered media was stored at 4 °C in sterilized 4 L
Nalgene™ narrow-mouth polycarbonate bottles until use in experiments.

Experimental cultures were grown in 250 mL Erlenmeyer flasks with glass wool
plugs. Samples were taken with sterilized micropipette tips. PAM fluorometer samples
were aliquoted, diluted, and dark-adapted in disposable borosilicate glass culture tubes.
Coulter counter samples were aliquoted into polystyrene counter cups and diluted with
Isoton 11® phosphate-buffered saline diluent (Beckman Coulter, Indianapolis, IN).
Samples for filtering were aliquoted into amber 40 mL glass vials and filtered using

Whatcom™ 0.7 pm GF/F filters which were previously combusted at 450 °C for at least 4
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h. Filtering equipment consisted of EMD Millipore™ borosilicate glass 125 mL vacuum
flasks, 15 mL funnels, and bases with a silicon plug and aluminum clamp. Filtered
samples were aliquoted into 1.5 mL (12x32mm) Thermo Scientific™ amber borosilicate
glass SUN-SRI™ standard opening autosampler vials.

Similar to river water samples, separation of metformin and guanylurea in filtered
phytoplankton samples was attained using a Synergi™ Hydro-RP LC Column (250 x 4.6
mm, 4 um, 80 A; Phenomenex, Torrance, CA). All mobile phase solvents were made in
the laboratory: Solvent A consisted of 0.1% formic acid in water, and Solvent B consisted
of 0.1% formic acid in acetonitrile. A ThermoFisher™ (Waltham, MA) BetaBasic™ C8
Javelin guard column (10 x 2.1 mm, 1.5um) minimized column contamination from

particulate matter in samples.

3.2.2. Culture Conditions

Two different experimental organisms were chosen to model potential effects of
metformin on freshwater and estuarine algal species, respectively. Due to physiological
similarity to land plants (i.e., ShnRK1 pathways), short doubling times, and general use as
model organisms in PPCP toxicology tests,?*6:260-264 Chlorella vulgaris was used for
initial toxicity assays probing for effects of metformin on algal photosynthesis and
growth. C. vulgaris is a small (2-10 pum) unicellular freshwater alga that belongs to the
phylum Chlorophyta, which include eukaryotic green algae and land plants. Since
diatoms account for over half the algal composition of the Columbia River and
estuary,?°?% Thalassiosira weissflogii was used as an environmentally relevant

approximation for effects of metformin on algae found along the river water sample sites
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in this study. T. weissflogii is a relatively large (4-32 um) marine unicellular diatom
which belongs to the Heterokonta, a group that includes algae ranging from kelp to
diatoms.

Experimental batch cultures were grown using stock cultures of phytoplankton
and freshly prepared media. Freshwater C. vulgaris cultures isolated from the Columbia
River were grown in standard WC media and marine T. weissflogii cultures (purchased
from the National Center for Marine Algae and Microbiota) were grown in ESAW media.
Each experimental flask received 100 mL media with an amount of stock culture to
achieve a starting average culture density that would provide a lag phase of at least two
days (~17,000 cells mL* for C. vulgaris, ~3500 cells mL™ for T. weissflogii). All cultures
were incubated at 18°C under a 12:12 light:dark cycle in a walk-in environmental

chamber equipped with full spectrum lighting (~191£18 umol photons m?2 s?).

3.2.3. Experimental Design

Since toxic effects of CECs in unicellular organisms can range from inhibition of
growth to reduced photosynthesis or enzyme activity, 262 triplicate batch cultures were
exposed to a range of concentrations of metformin during exponential growth and
compared against a triplicate control. Each batch culture was grown to mid-exponential
phase and then spiked with a solution of metformin in media to achieve the target
concentrations of metformin in culture. Target treatment amounts corresponded to
environmentally relevant levels at ~1 pug L™, wastewater levels at 10-100 pg L, and
levels probing for biochemical effects (i.e., SNRK1 activation) at ~500 pg L. In order to

simulate the amount of metformin that would be encountered per cell in a natural river
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setting at the tested levels, spike amounts were based on the product of the simulated
metformin concentration and the average culture density at the time of the spike, divided
by an approximation of the average algal cell density in the Columbia River from 2011-
2014 (~4000 cells mL™).2%5 An additional flask for each treatment and control was used
to record pH over the course of the experiment.

Samples were taken at 0, 1, 3, and 5 h following the spike, and then every 24 h for
four days. Coulter Counter and PAM fluorometer samples were taken at each time point.
An additional 1 mL sample pooled over the triplicate treatments were taken at 0, 5, and
96 h. These samples were filtered and frozen at -20 °C for future LC-MS/MS analysis in
order to quantify the amount of metformin in each culture over the course of the
experiment. Directly following the 96-h time point, 1 mL of each triplicate treatment was
added to 100 mL WC or ESAW media to make four post-experiment cultures to test for

recovery of algae.

3.2.4. Instrumentation

Cells counts were measured at each time point using a Beckman Coulter® Model
Z2 particle counter (Beckman Coulter, Indianapolis, IN). The Coulter Counter was set to
inject and count the number of cells in 1 mL of saline-diluted culture sample. Optimal
size ranges were based off distribution of cells from trial measurements for each species.

The CUVETTE version of the Walz WATER-PAM (Pulse-Amplitude-
Modulation) chlorophyll fluorometer (Heinz Walz GmbH, Germany) was used to
measure the photosynthetic efficiency of algal cultures. WinControl-2 software with a

PAM-Control unit recorded fluorometer data. The PAM Light Curve program was used
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to measure the fluorescence of cells exposed to a saturating light pulse followed by
increasing levels of actinic light intensity covering the wavelength range of
photosynthetically active radiation (400-700 nm).

Metformin and guanylurea in filtered phytoplankton samples were separated
using a Shimadzu Prominence® HPLC system using two binary pumps (Shimadzu LC-
20AD XR Prominence® LC pumps) and gradient elution on the reverse-phase column.
Analytes were identified, detected and confirmed using an AB Sciex® QTRAP 5500 mass
spectrometer (Applied Biosystems/MDS Sciex Instruments, Concord, ON, Canada) in
conjunction with Analyst 1.6.2 software. All LC-MS/MS parameters matched parameters
used to process river water samples (Table 2.2), except with a smaller injection volume of

10 pL to account for high density culture matrices.

3.2.5. Sample Processing and Calculations
Coulter Counter Samples

All samples taken for Coulter counting were diluted in 9-18 mL saline diluent
before measuring. Cell counts from diluted Coulter samples (Ncc) were used with the
known injection volume, sample:diluent ratio, and culture volume at time of sampling to

calculate culture density (cells mL™) and the total number of cells in culture (Ncuiture).

[1] Nsample = (NCC)_I(Vdiluent + Vsample)
[2]  culture density (cells mL™1) = (Vsample)_l(Nsample)

[3] Nculture = (culture deHSitY) (chlture)
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PAM Fluorometry Samples

All samples taken for PAM fluorometry were diluted to 3 mL with WC or ESAW
media. Daily measurements of a test culture determined the optimal ratio of sample to
diluent media to avoid fluorescence detection errors (i.e., overflow error). Diluted
samples were dark adapted for 30 min to fully oxidize Photosystem Il and maximize
fluorescence potential upon light saturation. Dark-adapted samples were also exposed to
10 s of far-red light just before PAM measurements to process remaining intersystem
electrons through excitation of Photosystem | and oxidation of the plastoquinone pool.2"®
212 A 4-min light curve was recorded for each dark-adapted sample.

PAM fluorescence measurements were used to quantify photosynthetic
parameters during the light curve. Light saturation of the cells was measured by
maximum fluorescence (Fm) from the initial saturating pulse and subsequent fluorescence
peaks (Fm’) from the stepwise actinic pulses. The PAM software subtracted maximum
fluorescence values from minimum fluorescence values (Fo or F) at each light pulse to
calculate photosynthetic parameters over the course of the light curve (Table 3.1, Figure
3.2). Specifically, the relative electron transport rate (rETR), maximum quantum yield
(Fv/Fm), light saturation (Ex) and photoinhibition constant (f3), and nonphotochemical

guenching (NPQ) were calculated as proxies for the photosynthetic ability of algal

cells 273,274
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Table 3.1. Photosynthetic parameters measured or calculated by PAM fluorometer.

Name Parameter Equation Description
Fluorescence when PSI|
Maximum Fn reaction centers are
fluorescence Direct measurement | closed and plastoquinone
Fin pool is reduced
P Fluorescence when PSI|
Minimum 0 . reaction centers are open
Direct measurement . .
fluorescence P and plastoquinone pool is
oxidized
. Efficiency of dark-
Maximum gquantum F, Fn—F,
yield of PSII ®PSII a5 - adapted PSII to absorb
m m light
. , / Efficiency of PSII in the
F Fn, —F .
Eﬁe;:;lléligga;r}tlum ®PSII F—,V or “1‘:—, presence of light to
y m m absorb light
Relative electron ETR ®PSII X PAR x 0.5 ng/i%feiltefgrt%g
transport rate % 0.84 photosynthetic ETC
Electron transport Initial slope of light Etficiency of_e Ie::]tron
efficiency « curve transport in the
photosynthetic ETC
ini i ETR . .
Minimum saturating Ex - max Onset of light saturation
irradiance a
Nonphotochemical NPO Fn—Fn Excitation dissipated by
guenching F., heat
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Figure 3.2. Kinetics of fluorescence in photosynthetic cells in response to the PAM
fluorometer Light Curve program. A measuring light (ML) records minimum fluorescence
values (Foand F) without inducing photosynthesis. An initial saturating pulse induces
maximum fluorescence (Fm) while subsequent actinic pulses induce fluorescence peaks (Fm’).
Minimum and maximum fluorescence values are used to calculate photosynthetic parameters
(Y, ETR, gP, gN, NPQ) over the course of the light curve to determine overall photosynthetic
efficiency of a sample. Figure modified from Atwell 2010.

Metformin Analysis

Filtered samples taken for measuring metformin concentration in cultures were thawed at

room temperature on the day of LC-MS/MS analysis. Samples at higher metformin

concentrations were diluted 1:500 in mineral water to increase peak resolution.
Chromatographic analysis was performed using MultiQuant™ Software (Version

3.0). Metformin and guanylurea were quantified based on peak integration of

chromatograms using the internal standard (IS) method. A linear baseline fit was used for

all peak integrations.
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The actual concentration of metformin and guanylurea was calculated from a
standard curve of measured area ratios (analyte area/IS area) versus expected
concentration ratios (analyte concentration/IS concentration). The standard curve
encompassed the predicted range of analyte concentrations in culture treatments (0-1000
ug LY. Standard solutions capturing this concentration range were processed with each
sample batch to establish a standard curve with each run. Data from a standard sample
was used in the standard curve if the concentration calculated from the measured area
ratio was within 20% of expected values. A singlet six-point linear standard curve with a
1/x weighting factor was established with each run.

Standards were prepared by dilutions of metformin and guanylurea. A primary
stock solution of 10 mg mL* 1:1 metformin/guanylurea in mineral water was diluted to
working stock solutions of 1250 ng L. Calibration solutions ranging from 0-1000 pg L
were made by pipetting appropriate amounts of working stock solution into mineral water
to reach a final volume of 1 mL calibration solution for each concentration.

Internal standard solutions of deuterated metformin and *°N-labelled guanylurea
were prepared the week of the LC-MS/MS runs. Solid stock material of 1 mg was
previously dissolved in 1 mL Milli-Q, sealed, and frozen at -20 °C, up to 8 months. In the
week of the run, a serial dilution of the 1 mg mL™ stock solution in mineral water yielded
a working solution of 998 ng mL™*. All samples and standard solutions received 2 pL
each of metformin and guanylurea IS working solution just before LC-MS/MS injection

to get a final 1S concentration of 10,000 ng L.
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3.2.6. Statistics

Non-linear regression was used to fit curves to cell count and ETR data. Curve
fitting for PAM ETR data was achieved using Microsoft® Excel® Solver, while curve
fitting for growth data was performed using GraphPad Prism (version 7.04 for Microsoft®
Windows®, GraphPad Software, La Jolla, California). Resulting models were used to
estimate parameters of cell growth and photosynthetic efficiency. Means and standard
deviations of each parameter of interest were calculated across replicates and compared
between treatments and time points using two-way repeated-measures ANOVAS, in
which each time point was considered a within-factor condition and each treatment was
considered a between-factor condition. All statistical analyses of growth and PAM data
were performed using Microsoft® Excel® 2016 or GraphPad Prism.

Cell count data for short-term post-spike measurements were plotted against time
and fitted with an exponential growth equation [4] to measure growth effects of
metformin from 0-5 h after the spike. The number of cells at time t (Nt) was described by

the initial number of cells (No) and the specific growth rate (u).

[4]  Ne=N,e

Cell count data for the long-term post-spike measurements (0-96 h) were plotted
against time and fitted with the Weibull growth curve model [5]?"° to measure growth
effects of metformin from 0-96 h after the spike. The number of cells at time t (N¢) was
described by the initial and maximum number of cells (No, Nmax), the specific growth rate
(1), and the time corresponding to the point of inflection (3). Resulting best-fit models
were used to compare overall differences in growth patterns between control and

treatment cultures.
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[5] Ni = Npax — (Nmax - No)e(_(m)s)

The specific growth rate was also directly calculated from measured cell counts
[6] and averaged for each treatment at each time point. Average specific growth rates of
treatments were plotted against time and compared between control and treatment

cultures using a two-way ANOVA.

__ (InNj —InNy)
(tn_tl)

[6]

ETR data were fitted with the Platt photosynthetic model [7].27® Electron transport
of cells exposed to PAR was estimated by best-fit values for ETRs (ETRmax in the absence
of photoinhibition), electron transport efficiency (a), and photoinhibition () parameters.
Resulting models were used to compare average a and  parameter values among
treatments at each time point. Likewise, maximum ETR in the presence of
photoinhibition (ETRmax), maximum quantum yield of PSII (®max), and minimum
saturating irradiance (Ex) were calculated from predicted ETR and parameter values and

compared among treatments at each time point [8].

[7] ETRPAR — ETRS % (1 _ e—a*PAR/ETRS) % (_.:—B*PAR/ETRS

_ ETRpmax
- o

[8] Ex

Additionally, NPQ and quantum yield (Fv/Fm, ®) data were compared between
treatments by calculating the percentage with respect to the control value at each time
point. Two-way repeated-measures ANOVAs were used to determine significant

differences in mean NPQ and ® percentage values between treatments and time points,
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however, each time point was considered a separate group and concepts of trend were

ignored for these analyses.

3.3. Results
3.3.1. Metformin Variation within Cultures

Initial metformin concentrations for low, intermediate, and high dose C. vulgaris
treatments were measured as 1 pg L2, 80 pug L, and 500 pg L2, respectively. Initial
concentrations in T. weissflogii cultures were 1 pg L™, 60 pg L, and 400 pg L. Each
culture was within 20% error of the reported dose concentrations.

Comparison of metformin levels in cultures at the time of the spike versus after 5
h and 96 h indicated possible degradation of metformin by T. weissflogii diatoms and
variable responses by C. vulgaris. Metformin concentrations of T. weissflogii cultures at
low, intermediate, and high doses decreased by ~16%, 22%, and 15% after 96 h,
respectively. However, metformin concentrations in all C. vulgaris treatments showed
variable and inconsistent decreases and increases relative to initial spike levels after 5 and
96 h.

Possible matrix effects were observed in algal cultures, with greater effects in C.
vulgaris cultures. Quantification of metformin in media blanks revealed no metformin in
T. weissflogii ESAW blanks and metformin concentrations 10x below lowest dose
amount in C. vulgaris WC media (~100 ng L1). Samples from intermediate and high
dose C. vulgaris treatments required 500-fold dilution to enable peak separation and
quantification. Moreover, considerable peak-tailing in successfully separated

chromatogram peaks was observed in most C. vulgaris and T. weissflogii culture samples.
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3.3.2. Effects of Metformin on Phytoplankton Growth

Optimal size range for cultures was estimated from cell count distribution as 2.5-
5.125 um for C. vulgaris and 7.0-16.5 um for T. weissflogii. Growth models for
treatments after 96 h were best fit by Weibull growth equations with specific growth rate
and inflection point parameters listed in Table 3.1. Growth models for treatments after 5
h were best fit by exponential growth equations with specific growth rate parameters
listed in Appendix Table 3A.

Metformin exposure over 5 h did not affect cell density or growth rate in C.
vulgaris and T. weissflogii cultures. All 5 h exposure data for density and growth in algal
cultures is summarized in Appendix Table 3A, 3B and Appendix Figure 3A. A two-way
ANOVA did not find any differences in T. weissflogii culture density between treatments
and time (F(18,48)=0.588, P=0.891). Similarly, C. vulgaris culture density did not differ
between treatments (F(3,8)=1.92, p=0.205), but significant interaction effects between
concentration and exposure time were observed (F(24,64)=2.304, p=0.004). Specifically,
the intermediate dose (80 pg L) cultures were less dense than the control cultures over
the 5 h of exposure (Tukey HSD, p<0.05 for each time point); however, this difference
was consistent at each time point which indicated culture variation rather than treatment
effects. There were no observed differences in culture growth rate in T. weissflogii
treatments (F(9,24)=0.890, p=0.548). A two-way ANOVA suggested that culture growth
rate varied between treatments and time in C. vulgaris cultures (F(9,24)=4.885,
p=0.0009), but a post-hoc Tukey HSD test revealed that the only deviation from control
levels occurred 24 h after the spike in high-dose 500 pg L™ cultures (p<0.0001), after

which growth rate returned to initial levels.
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Metformin exposure above environmentally relevant levels reduced the culture
density of C. vulgaris after 96 h (Figure 3.3B) but not growth rate (Figured 3.3D). A two-
way ANOVA revealed significant interaction effects on cell density between treatments
and time in C. vulgaris cultures (ANOVA, F(27,72)=17.3, p<0.0001). Investigation with
post-hoc Tukey HSD tests showed that cultures grown under intermediate (80 pg L) and
high (500 pg L) metformin conditions had lower cell density relative to control cultures
after 96 h of exposure (Table 3.2). A close inspection of differences at each experimental
time point revealed that high concentration effects manifested ~48 h after exposure
(Figure 3.3B). Average C. vulgaris growth rates differed between treatments and time
(F(12,32)=3.29, p=0.004), but a post-hoc Tukey HSD test showed that this result was an
artifact of the abnormal starting growth rate of the intermediate dose cultures; average
growth rates of low and high dose C. vulgaris cultures were not different from control
culture growth rates at any time point. Minimal effects on cell growth rates were
confirmed by full recovery of post-experiment cultures made from high dose treatment
cultures. Weibull growth models with consistent growth rate parameter values between
treatments and relatively higher inflection point (8) parameter values for high dose
treatments also supported minimal metformin effects on growth rate and significant
metformin effects on culture density (Table 3.3).

Conversely, metformin treatments did not alter the growth or cell density of T.
weissflogii cultures (Figure 3.3A, C). The cell density of T. weissflogii cultures exposed
to metformin for 96 h did not differ from control cultures (Table 3.2). Furthermore, cell
density of T. weissflogii cultures did not change relative to control cultures for any dose

or time point following the spike (ANOVA, F(21,56)=0.262, p=0.999). Likewise,
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average growth rate did not change relative to control cultures after 96 h of exposure

(Table 3.3) or at any previous time point (ANOVA, F(12,32)=0.318, p=0.981).

Table 3.2. Comparison of average cell density and specific growth rate between control and treatment cultures at the
time of the spike (0 h) versus 96 h after the spike. P-values <0.05 indicate significant difference between control and
treatment cultures.

Species Time After Spike Treatment Average Cell Density p-value Average Growth Rate p-value
(h) (cells/mL) (cells/mL)
T. weissflogii 0 Control 112638 (+30485) 0.043 (+0.01)
1 pg/L 116603 (+11207) 0.991 0.054 (+0.01) 0.386
60 pg/L 104874 (+21966) 0.941 0.048 (+0.005) 0.885
400 pg/L 114348 (£16120) 0.999 0.044 (£0.005) 0.999
96 Control 240122 (+4795) 0.0073 (+0.003)
1 pg/L 240464 (+6885) >0.9999 0.0085 (+0.004) 0.998
60 pg/L 233820 (+4643) 0.967 0.0038 (+0.002) 0.962
400 pg/L 236860 (+7574) 0.995 0.0048 (+0.0009) 0.985
C. vulgaris 0 Control 6263237 (+689367) 0.045 (+0.006)
1 ug/L 5401901 (+929268) | 0.443 0.044 (+0.008) 0.998
80 pg/L 4646916 (+913273) 0.031 0.031 (+0.004) 0.007
500 pg/L | 6368082 (+977601) | 0.998 0.043 (+0.008) 0.969
96 Control | 19124196 (+1042799) 0.0046 (+0.003)
1ug/l | 18288604 (+435686) | 0.470 0.0039 (+0.004) 0.998
80 pg/L | 17240617 (+441835) | 0.008 0.0032 (+0.003) 0.984
500 pg/L | 11413068 (+962604) | <0.0001 0.0049 (+0.005) 1.000

Table 3.3. Comparison of growth curve model fit and predicted growth parameters for control and treatment cultures
after 96 h of metformin exposure. Growth curves were fit with Weibell growth curve models.

Specific AVG Resid | Growth Curve |AVG Resid Max # Cells AVG Resid
Species Treatment R2 Growth Rate Error Inflection Point Error (Nmax) Error
(%) ©) ©) ©) ©)
T. weissflogii Control 0.965 0.011 0.001 2.31 0.381 231819 12440
1 pg/L 0.964 0.011 0.001 2.16 0.372 231194 14754
60 pg/L 0.965 0.011 0.001 2.63 0.432 228431 10306
400 pg/L 0.974 0.011 0.001 2.18 0.316 233951 12307
C. vulgaris Control 0.989 0.006 0.000 3.60 0.312 20335407 1056483
1 pg/L 0.992 0.006 0.000 3.74 0.285 19973798 1005521
80 pg/L 0.984 0.006 0.000 4.03 0.399 17570065 741154
500 pg/L 0.976 0.008 0.000 4.82 0.629 10391342 272356

98




A Cc
0.30 25
T. weissflogii C. vulgaris
_E' u -~ Control L] 201
) w1 pgil 2
3 0.201 50 pgil -
- 500 pg/L
e 015 ke
= 104
£ 0.101
0
5 5
O 0.051
0.00% T T T T T T T 04 T T T T T T
0 24 48 72 96 120 144 168 0 24 48 72 96 120 144 168 192 216
B Time (hours) D Time (hours)
+ T. weissflogii -»- Control C. vulgaris
o 0.06] o 1pglL 0.06-
-t 1
[ . " ¢ 50 pg/L
£ 5 - 500 pg/L
% o 0.044 0.044
o<
52
0@
= O 0.021 0.02;
o
D
a
7]
0.00+ 0.00+
0 24 48 72 9'6 0 24 48 72 96
Time after spike (hours) Time after spike (hours)

Figure 3.3. Average algal culture density (A, B) and specific growth rates (C, D) in response to
different levels of metformin exposure over a 96 h period. Grey areas in A and B indicate pre-
spike growth.

3.3.3. Effects of Metformin on Phytoplankton Photosynthesis

Metformin largely did not alter photosynthetic ability of C. vulgaris and T.
weissflogii cultures over 5 h of exposure. Trends in ETRmax over 5 h of growth under
metformin are shown in Figure 3.4, while all 5 h exposure data for photosynthetic
parameters in algal cultures is summarized in Appendix Table 3C and Appendix Figure
3B. A two-way ANOVA did not find significant effects of metformin treatment and time
on ETRmax (F(12,32)=0.435, p=0.937), or photosynthetic parameters a (F(12,32)=0.436,
p=0.936), B (F(12,32)=0.635, p=0.797), ® (F(12,32)=1.09, p=0.401), and Ex
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(F(12,32)=1.09, p=0.402) in T. weissflogii cultures within 5 h of the metformin spike.
These cultures exhibited differences in NPQmax between treatments (F(3,8)=8.854,
p=0.0064), but there were no interaction effects between treatment and time
(NPQmax(F(12,32)=0.343 ,p=974) indicating each treatment varied similarly over time.
Chlorella vulgaris cultures also did not differ with metformin treatment and time for
ETRmax (F(12,32)=0.830, p=0.620) and NPQmax (F(12,32)=0.567 ,p=852), o
(F(12,32)=1.845, p=0.082), ® (F(12,32)=0.488, p=0.907), and Ex (F(12,32)=1.405,
p=0.215) over the 5 h period, but significant effects of time and treatment were observed
for average P (F(12,32)=3.224, p=0.004). A follow-up inspection of single effects
showed that average P for the lowest dose treatment (1 pg L) only varied from the
control directly following the spike (Tukey HSD, p<0.0001) and 5 h after the spike
(Tukey HSD, p=0.023). Average B for the 500 pg L treatment varied from the control at
each time point following the spike (Tukey HSD, p<0.05 for each time point), but the
same trend was also found directly before metformin exposure (Tukey HSD, p<0.0001)
and did not change over the 5 h of metformin exposure.

The highest exposure level of metformin (500 pg L™?) reduced photosynthetic
performance in C. vulgaris cultures over 96 h of exposure (Table 3.4, Figure 3.4B). There
was significant interaction between treatment and time on ETRmax in C. vulgaris (two-
way ANOVA, F(12,32)=38.91, p<0.0001). Cultures dosed to 80 pg L*and 500 pg L*
metformin concentrations showed a significant reduction in ETRmax relative to cultures
without metformin starting 24 h after metformin exposure (Tukey HSD, p= 0.0065,
p<0.0001). The ETRmax 0f 500 pg L™ cultures decreased at each time point until hitting

baseline levels at 96 h, with the highest rate of decline occurring between 48-72 h of
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exposure (Table 3.4, Figure 3.4B). A post-hoc Tukey test showed that ETRmax of cultures
treated with low (1 pg L) and intermediate (80 pg L) metformin concentrations did not
significantly differ from control cultures for the first 72 h following the metformin spike;
however, ETRmax for 80 pg Lt cultures were significantly lower than control cultures
after 96 h of exposure (Tukey HSD, p=0.007; Table 3.4).

Other photosynthetic parameters of C. vulgaris cultures were altered by high
metformin doses over 96 h of exposure (Table 3.4, Figure 3.5B). A two-way ANOVA
found significant interaction effects between treatment amount and time for each average
estimated parameter determined by the Platt photosynthetic models, including a
(F(12,32)=40.02, p<0.0001), B (F(12,32)=16.13, p<0.0001), Ex (F(12,32)=12.62,
p<0.0001), ® (F(12,32)=157.9, p<0.0001), and NPQmax(F(12,32)=15.6 ,p<0.0001). All
estimated photosynthetic parameters for C. vulgaris cultures dosed to 500 pg L™ were
significantly different from control cultures by 96 h of metformin exposure (Tukey HSD,
p<0.0001).

Specifically, o, ETRmax, Ex, and ® for the highest dose treatments (500 ug L™)
decreased relative to the control, while B increased. While average o values for control
and other treatment cultures remained at ~3.3 umol photons™ m2 s, o values for the
highest dose treatments (500 pg L) decreased from 0.33 to 0.15 pmol photons™® m? st
over the 96 h experiment period (Tukey HSD, p=0.0029). Average Ex values for 500 g
L! treatments were lower than control values starting 24 h after the spike (Tukey HSD,
p=0.0003) and decreased from 885 to 263 pmol photons m s over the 96 h of
metformin exposure. Average B values for high dose treatments (500 pg L) were

already above control levels at the time of the spike (Tukey HSD, p<0.0001), but this
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difference increased steadily from ~10 to 15 pmol photons™ m= s up to 96 h following
the spike. Values of B for control and other treatment cultures remained around 6-8 pmol
photons™ m? st at each time point. Values of ® decreased from ~0.7 to 0.3 umol photons
! m? st starting 48 h (p=0.0005) after the spike.

The NPQmax Of C. vulgaris cultures varied more over time than other
photosynthetic parameters. Values of NPQmax in high dose cultures (500 pg L)
increased relative to the control for the first 48 h, but peaked at ~0.9 before quickly
decreasing below control levels by 96 h (Tukey HSD, p=0.0123). Similarly, NPQmax of
intermediate dose cultures (50 p L) also increased after 48 h and reached levels of ~0.9
by 96 h (Tukey HSD, p<0.0001).

Metformin treatments did not alter ETRmax Or other photosynthetic parameters of
T. weissflogii cultures (Figure 3.4A, 3.5A). Specifically, the ETRmax of T. weissflogii
cultures did not change relative to control cultures for any metformin treatment or time
point following the spike (ANOVA, F(12,32)=0.306, p=0.983). Similar to ETRmax, a two-
way ANOVA did not find significant interaction effects between treatment and time for
average estimated parameters determined by Platt photosynthetic models, including o
(F(12,32)=0.147, p=0.999), B (F(12,32)=1.688, p=0.1167), Ex (F(12,32)=0.751,
p=0.693), ® (F(12,32)=0.311, p=0.982), and NPQmax(F(12,32)=0.412, p=9.48). Average
B values of pre-spike 500 pg L™ cultures were lower than control B values on the day of
the spike (Tukey HSD, p=0.013, but this difference was not observed at any time point

following metformin exposure.
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Figure 3.4. Rapid light curves showing relative electron transport rate (ETR) of C.
vulgaris and T. weissflogii cultures over 96 h exposure to metformin. Different lines
indicate different metformin spike amounts: 0 pug/L (black solid), 1 pg/L (blue dotted), 50
Mo/L (orange dotted-dash), and 500 pg/L (green dash).
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Figure 3.5. Effects of metformin on photosynthetic parameters of T. weissflogii (A) and C.
vulgaris (B) over 96 h of exposure. Parameters include electron transport efficiency (a),
photoinhibition (B), maximum relative electron transport rate (ETRmax), minimum
saturating irradiance (Ex), maximum quantum yield (@), and nonphotochemical quenching
(NPQ). All parameters were estimated by best-fit light curve models fitted with the Platt
equation. Lines indicate different spike amounts: 0 pg/L (black solid), 1 pg/L (blue dotted),
50 pg/L (orange dotted-dash), and 500 pg/L (green dash).
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3.4. Discussion
3.4.1. Overview of Metformin Algal Toxicity

While other studies have only investigated metformin toxicology at single
doses, 1?42 or at high dose ranges (mg L™),232"7 this study provides the first evidence for
environmentally relevant effects of metformin on algae. Based on the known fast growth
rates of C. vulgaris?’® and T. weissflogii,?’® algal cells were exposed to metformin
treatments over the majority of their lifespan, and, therefore, observed responses in this
study may indicate sublethal effects. Overall, algal response to metformin depended on
dose, exposure time, and species. If experimental metformin levels are representative of
actual exposure levels, metformin likely does not pose a risk to algal growth and
photosynthesis in high-flow rivers and streams. However, negative photosynthetic effects
in response to long-term (days) metformin exposure at effluent levels suggests possible
implications for algal sewage treatment methods and lower trophic levels in slow-moving

water systems.

3.4.2. Metformin as a Photosynthetic Inhibitor

Metformin impaired C. vulgaris photosynthetic ability at high doses (500 pg L™?)
and long-term intermediate doses (50 pg L), but did not affect T. weissflogii
photosynthesis at any dose. High dose (500 pg L) metformin effects on C. vulgaris were
dependent on exposure time with increasingly reduced electron transport rate (ETRmax)
and efficiency (o) after each 24-h period, and almost no electron transport occurring after
96 h. Beyond reduced electron transport, Chlorella cultures exhibited an overall lower

capacity for light capture, with an increase in the photoinhibition constant (), lower
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levels pertaining to the onset of light saturation (Ex), and overall lower PSII efficiency of
light absorption. Moreover, intermediate doses (80 pg L) showed the beginning of
similar photosynthetic inhibition by 72 h of exposure. This is particularly apparent from
nonphotochemical quenching (NPQmax), which showed intermediate dose cultures
tracking the same trends as high dose cultures after a 48-h delay. Based on these
observations, environmentally relevant metformin levels may elicit negative responses in
some phytoplankton species after extended periods of exposure (days). These results may
be especially relevant for slow-moving bodies of water, such as lakes, where algae
around sewage effluent are more likely to remain in a concentrated zone of metformin
exposure. In order to elucidate long-term algal responses at lower dose levels, continuous
cultures should be used to extend the exposure time beyond 96 h without the
accumulation of cell products.

High doses of metformin reduced the carrying capacity (K) of C. vulgaris
cultures. Specifically, the maximum cell density (i.e., density at stationary phase) in high-
dose (500 pg L) treatments was lower than all other treatments, which confirmed
reduced photosynthetic ability and reduced ability to produce sugars for sustaining highly
dense populations. No effects were observed on growth rate, but this may have been a
result of spiking cultures too late in exponential phase or calculating rates from cell
counts with high standard deviations.

Based on these experimental data, it is proposed that metformin signals a stress
response in C. vulgaris algae. Photosynthetic cell stress response, which is partly
regulated by SnRK1 activation, is often associated with a reduction in photosynthetic

activity and, subsequently, energy deprivation.?®328 Metformin effects on C. vulgaris
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cultures were indicative of a stress response, with reduced photosynthetic abilities related
to electron transport and light capture, and reduced culture carrying capacity. Since
energy sensing kinases are highly conserved between humans (AMPK) and plants
(SnRK1),%8* and metformin interacts with AMPK in humans to produce stress
responses,**® the algal stress responses observed in this study provide preliminary
evidence for metformin activation of SnRK1. However, due to the biochemical
complexity of SnRK1 activation in plants,?2%282:283 3 correlation between metformin and
stress response cannot confirm SnRK1 interaction without in vitro kinase assays directly
testing for SNRK1 activity in the presence of metformin.?4-2%¢ Further culture tests
measuring adenylate charge (AMP:ATP) and fatty acid content will also help clarify
specific metformin effects on energy pathways.

High dose (500 pg L) effects on photosynthesis and growth capacity correspond
to unrealistic levels that would not be encountered in the environment or in wastewater
treatment, but long-term effects of intermediate doses (80 g L) reveal potential effects
of metformin at wastewater treatment levels. Future research should explore the effects of
metformin exposure to algae in wastewater treatment plants and other enclosed water
systems, with relevance to microalgae nutrient removal technology?®® and biofuel
production.?®® Additionally, since a multitude of contaminants and environmental factors
are acting on algal cells at any one time in the river, a seemingly innocuous metformin
concentration in lab experiments may actually produce a stress response when
encountered in the environment. The results from this study reveal the importance of
considering dose-dependent and environmentally relevant toxicological effects of

metformin and other PPCPs in laboratory studies.
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3.4.3. Species-Dependent Response to Metformin

Metformin may have exhibited variable effects on the experimental organisms in
this study due to physiological differences between algal species. This is not surprising,
since Chlorella vulgaris and T. weissflogii are phylogenetically distinct algae®®’
belonging to independent groups with different physiologies, ranging from different cell

walls (e.g. frustules in diatoms) to different membrane proteins?®

and chloroplast
structures.?®” Chlorella belongs to the phylum Chlorophyta within the plant kingdom
(Viridiplantae), which includes all eukaryotic green algae and land plants that utilizes
chloroplasts containing chlorophyll a and b and accessory pigments S-carotene and
xanthophylls to carry out photosynthesis. Chlorophyte chloroplasts have two membranes
and contain thylakoids in many-layered grana,?®” which may serve to increase protection
of the cell from photochemical damage.?® Thalassiosira belongs to the Heterokonta,
which includes algae, ranging from kelp to diatoms, that utilize chloroplasts containing
chlorophyll a and ¢ and the accessory pigment fucoxanthin to carry out photosynthesis.
Heterokont chloroplast have four membranes and contain thylakoids in stacks of three.
Overall, differential effects of metformin based on species suggested species-dependent
factors that promoted or interfered with metformin action in photosynthetic cells.
Physical size and cell wall differences between C. vulgaris and T. weissflogii may
alter metformin uptake. Based on estimated cell size classes in experimental cultures, the
size range of C. vulgaris is small (2.5-5.125 um) compared to T. weissflogii (7.0-16.5

pm) indicating a higher surface area to volume ratio for Chlorella cells and possibly

faster diffusion of metformin into the cell.’® Moreover, differences in transmembrane
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proteins between Chlorophytes and Heterokonts could alter the probability of metformin
uptake.

Differences in environment may also alter physicochemical interactions for
metformin uptake into algal cells. Metformin has been shown to exist at lower
concentrations in seawater relative to freshwater,'® and salinity can reduce the solubility
of organic compounds in marine environments by suppressing ionic interactions.?®® Thus,
media effects from ESAW in T. weissflogii cultures may render metformin less available
for diffusion into cells.

Moreover, environmental salinity may influence membrane transport of
metformin. Organic cation transporters (OCTSs) are the known mechanism of metformin
transport across cell membranes in human cells;?®* OCTs function in ion homeostasis and
facilitate electrogenic transport of organic cations into the cell.?®? Cation transporters in
some plants and algae also maintain ion homeostasis by using an antiporter system to
transport cations against their concentration gradients.?®*2% For instance, Chlorophytes
and Thalassiosira haptophytes have a proton-coupled transporter, CrCAX1, which may
transport Ca2* and other metal cations out of the cytosol in response to salinity stress.?%3
Since a marine alga must continually export Na* cations that are infiltrating the cell from
the salty environment, the diatom T. weissflogii might significantly export other small
cations, such as metformin, along this same cation transporter membrane system.
Additionally, salinity may reduce metformin import in marine cells through ionic
influences on membrane potentials and membrane protein surface charges.?%>2%

It may also be that T. weissflogii did not exhibit a stress response to metformin

due to functional differences in SnRK1 signaling pathway members. SnRK1 is highly
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conserved across plants and algae,?®!

and regulatory proteins involved in the ShnRK1
signaling pathway have been identified in green algae and [Thalassiosira] diatoms.2%82%
However, there is currently no evidence for the functional role of these proteins in
algae.>® Given the degree of phylogenetic difference between algal species used in this
study, and the complexity of metabolic signaling pathways in eukaryotic organisms, it is

plausible that multiple or alternative functions exist for SnRK1 regulatory proteins

between algal species.
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CHAPTER 4: CONCLUSIONS & FUTURE DIRECTIONS

This study provides the first environmental characterization of the antidiabetic
drug, metformin, as a CEC in the lower Columbia River, and constitutes one of the few
studies to characterize a pharmaceutical CEC (PPCP) in a high-volume river system.8301
Over one year of monthly water sampling along the lower Columbia River, metformin
was regularly detected at levels comparable to those measured in less dynamic stream
and lake systems,13:46.9.160.166 anq exhibited spatiotemporal trends driven primarily by
river discharge both in space (riverine inputs) and time (flow rate). Based on average
concentrations and river discharge for the entire year, the Columbia River is discharging
metformin at a rate of ~51 kg dX. The breakdown product of metformin, guanylurea,
often co-occurred with metformin, but evidence of diffuse sources driven by precipitation
suggested that guanylurea was an overall poor indicator of in-situ metformin breakdown.
Unexpectedly, metformin contamination from particulate residues on vial caps and
general variability in the dataset provided possible evidence for metformin ionic surface
sorption, which has been observed in other studies.?41422%7

This research also provides the first results for dose-dependent effects of
metformin on algal cells, including environmentally relevant concentrations. As would be
expected from activating an energy regulator (SnRK1), metformin concentrations above
environmental levels induced a stress response and reduced photosynthetic activity. A
delayed response to metformin concentrations at lower levels corresponding to
wastewater effluent indicated that stress effects were based on dose and exposure time,
with relevance for organisms in poorly-mixed environments where exposure time might

be higher.
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Overall, these results are consistent with the expected behavior of a polar basic
cation species in a high-flow river system and an AMPK-activator in algal physiological
systems. Based on the maximum river concentration measured from this study (4.6 pg L
1, metformin in the Columbia River currently does not pose a risk to photosynthetic
processes in algae and, thus, energy transfer to larger organisms in the river food web.!
However, given that the Columbia River is the fourth largest river by discharge in the
United States and, consequently, >87% of the largest rivers in the U.S. experience
relatively lower flow amounts over the course of a year,'’® it is likely that metformin
persists at higher concentrations in many rivers and streams around the country if there
are similar inputs from metformin sources. Metformin concentrations may also be
consistently higher in slow-moving water systems such as lakes and enclosed estuaries,
especially around point sources such as sewage pipes.>%160

Periods of greater risk to metformin exposure can be extrapolated based on
average river conditions throughout the year. Data from this study indicates that dry, low-
flow seasons (July-Sept in the Columbia River) will magnify metformin concentrations
due to reduced dilution effects, and increase the amount of metformin encountered by an
aquatic organism during this period. Moreover, sites downstream of the Willamette-
Columbia confluence (River km 156) may experience consistently higher metformin
concentrations due to numerous metformin sources along the Willamette River. Thus, the
concentrations and toxicological effects of metformin in the Columbia River are expected
to increase during periods of drought, with possibly greater effects downstream of the

Willamette-Columbia confluence.3%? Since extreme weather events are predicted to
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increase with climate change,®® the effect of metformin on the environment will likely
increase with time.

If metformin sorption is occurring in the Columbia River, as suggested by the
limited observations in this study, benthic organisms might be at risk of prolonged
exposure to metformin. Metformin has been found in sediments at concentrations up to
140 ng g*.%%% The only information regarding effects of metformin on benthic organisms
comes from the 2015 European Medicines Agency assessment report testing for
metformin toxicity in chironomids, which found no observable effects below a
concentration of 125,000 ng g™* metformin in sediment.'“® However, other sediment-
dwelling organisms are likely to be affected by metformin. For instance, benthic green
algae, which belong to the same Chlorophyta division as C. vulgaris, are likely to exhibit
reduced photosynthetic activity in response to prolonged metformin exposure on
sediments. Microbial activity may also be altered since metformin has known disrupting
effects on the folate cycle of some bacteria.l”™ Moreover, organisms which directly ingest
sediment, such as polychaetes, or incidentally ingest sediment, such as sculpin, may
experience higher exposure to sediment-bound metformin moves through their digestive
tracts.?!

Combinatory effects of metformin with other pharmaceutical drugs in the
environment cannot be ignored due to the risk of underestimating toxic effects.4+304
General use of pharmaceutical drugs is on the rise,% which translates to more PPCPs in
the environment®! and more opportunities for mixture effects. For example, metformin is
commonly prescribed with statins to reduce cardiovascular risk3% or chemically

combined with additional antidiabetic compounds for enhanced glucose control. 397308
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Recent research shows that toxicological risks associated with CEC mixtures can have
higher toxicity effects than individual CECs.#2643%° This general effect has been
observed in algae and plants,*:?543% penthic invertebrates,®® and fish.*33!° Therefore, the
toxicological risk of metformin might be higher in the presence of other CECs in the
Columbia River, and future research should explore specific combinatory toxicity
associated with metformin and frequently detected CECs in the river system.

Despite minimal risks at current levels, metformin concentrations in the Columbia
River and other water systems are expected to increase with rising prescription rates. At
the current rate of Type 2 diabetes, it is projected that 1 in 3 adults could have Type 2
diabetes in the U.S. by 2050;3!* thus, as the most popular drug for treatment of Type 2
diabetes,'* metformin usage will likely increase with time. However, based on the
average metformin concentrations in surface waters, the number of Type 2 diabetics in
the Columbia River watershed would have to increase by a factor >1000x in order to
produce consistently toxic levels (80 pg L) in surface waters. Thus, toxic [algal] effects
of metformin will likely be limited to sewage effluent zones and WWTP.

Future CEC research in the Columbia River should target these metformin
“hotspots” along the river. This study did not detect elevated metformin levels
downstream of sewage treatment sites or other sites (except an average increase at each
site downstream of the Willamette River confluence) likely due to high mixing by river
flow. Therefore, future research should hone in on urban and hospital WWTP sites and
determine the amount of metformin being injected into the Columbia River. These
concentrations could then be compared with surface water concentrations in order to

elucidate point sources of metformin versus diffuse sources from runoff and groundwater.
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Knowing where metformin sources in addition to how it varies in time and space will
inform OECD toxicology assessments and future policy decisions regarding PPCPs.

The best strategy for mitigating future risks associated with rising metformin
levels in the environment is at the source. Type 2 diabetes is unique in that it is largely
preventable with healthy diet and lifestyle.®'2%3 This represents a unique opportunity to
encourage a medically-supported outlook for the benefit of both humans as well as the
environment,314-316

In summary, this focused survey of metformin in a high-volume river system has
revealed the dynamic behavior of metformin as a CEC in the environment in relation to
its known properties as a drug. Much PPCP research consists of costly large-scale field
studies,*6:49.50.96.202.216 1t this project demonstrates the efficacy of a small-scale field
study focused on one CEC compound. By utilizing resources for monthly monitoring of
metformin concentrations rather than one large snapshot of all abundant PPCPs, the
importance of river discharge and, possibly, particle interactions to metformin
distribution and supply was revealed. Furthermore, toxicity tests linked these
spatiotemporal patterns with possible photosynthetic repercussions in the lower food web
under concentrated conditions. As a result of this research, metformin as a topic for CEC
research beckons a plethora of unexplored physicochemical and toxicological research
avenues, and reinforces the need to follow large-scale CEC surveys with individual

characterizations of prevalent CECs.
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DELIMITATIONS, LIMITATIONS, AND ASSUMPTIONS

Limitations

1. Sample size: Financial restrictions limited methods to once-a-month triplicate
sampling. Given that this study already samples more frequently than previous
CEC studies in the Columbia River, this might be a non-issue.

2. Sampling time: Financial and time restrictions limited sampling to a one-year
period from October 2016-September 2017. As a result, interannual variability
could not be assessed.

Delimitations

1. Geographic study area: Sampling was restricted to the Lower Columbia River
west of the Cascades in order to simplify river variables and economize data
analysis. This area was chosen due to the region’s high population density and
proximity to numerous urban centers, wastewater treatment plants, and
agricultural sites. Since the flow from mountain snowmelt to coastal confluence
was still captured, the results of this study could be generalized for downstream
areas of other high-volume river systems that experience a strong annual freshet.

2. Experimental organisms: The green algae, Chlorella vulgaris, and diatom,
Thalassiosira weissflogii, were chosen over other algae due to their representative
physiology, ease of culturing, and convenient availability for experiments.

Assumptions
1. Metformin and guanylurea concentrations near river shores are not significantly

different than metformin concentrations in the main channel.
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2. Exceptionally wet river conditions during the October 2016-September 2017
sampling period were similar enough to other high precipitation years to
extrapolate general relationships between river variables and concentration data.

3. Response of algae to a dose of metformin in cultures is an accurate approximation
of algae response when that same amount of metformin is encountered in the

environment.
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APPENDICES

Appendix Table 2A. Monthly metformin and guanylurea concentrations (ng L)
for year-round sites along the lower Columbia River for the entire sampling period
(October 2016-September 2017). Standard deviations are in parentheses.

Month Metformin (ng L) Guanylurea (ng L?)
October 47 4 (+35) 99.4 (+52)
November 53.3 (£48) 62.5 (£59)
December 56.2 (x42) 49.2 (£35)
January 55.6 (+32) 30.4 (+33)
February 27.1(x15) 8.5 (£17)

March 23.6 (+9) 14.9 (£53)

April 21.5 (+16) 10.9 (£21)

May 84.4 (+123) 7.2 (£23)

June 52.9 (+106) 5.0 (+7)

July 183.8 (+306) 1.1 (+3)

August 66.0 (+62) 29.7 (+29)
September 131.4 (£194) 69.3 (£168)

Appendix Table 2B. Metformin and guanylurea concentrations (ng L) at year-round
sampling sites along the lower Columbia River for the entire sampling period (October
2016-September 2017). River kilometer is a measure of the distance (km) from the mouth of
the river. Standard deviations are in parentheses.

Site River . 1 1
Abbrev. Kilometer Metformin (ng L™) Guanylurea (ng L)
BAT 79 69 (+38) 26 (+34.4)

KD \ 114 \ 113 (+187.8) \ 30 (+50)

KU \ 114 \ 56 (+42) \ 36 (+46.3)

KPP \ 156 \ 112 (+170.2) \ 23 (+23.9)
CHL \ 183 \ 67 (+163.5) \ 47 (£147.3)
CMS \ 187 \ 97 (+225.6) \ 29 (+45.2)

RR \ 200 \ 42 (+84.1) \ 42 (+53.5)

OH \ 261 \ 83 (+223.7) \ 18 (+18.8)

IH \ 261 \ 48 (£74.2) \ 35 (+61.3)
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Appendix Table 3A. Comparison of average cell density and specific growth rate between control and treatment
cultures at the time of the spike (0 h) versus 5 h after the spike. P-values <0.05 indicates significant difference between
control and treatment cultures.

Species Time A(frt:;r Spike Treatment Avera(%zlgerl]il_D)ensny pvalue Avera?ceeﬁ;sl;omv\l/_t)h Rate p-value
T. weissflogii 0 Control 112638 (+£30485) 0.043 (£0.013)
1 pg/L 116603 (x11207) 0.984 0.054 (+0.009) 0.999
60 ug/L 104874 (£21966) 0.895 0.048 (+0.005) 1.000
400 pg/L 114348 (¥16120) 0.999 0.044 (+0.005) >0.9999
5 Control 150499 (+2716) 0.11 (20.15)
1 pg/L 137091 (x20298) 0.621 0.02 (£0.02) 0.614
60 ug/L 142006 (£13348) 0.868 0.14 (£0.05) 0.975
400 pg/L 144888 (£7638) 0.957 0.11 (20.04) >0.9999
C. vulgaris 0 Control 6263237 (+689367) 0.045 (+0.006)
1 pg/L 5401901 (+929268) | 0.313 0.044 (+0.008) 0.990
80 ug/L 4646916 (+913273) | 0.009 0.031 (+0.004) 0.996
500 ug/L | 6368082 (x977600) | 0.997 0.043 (+0.008) 0.913
5 Control 6314556 (+778572) -0.002 (£0.007)
1 pg/L 5271563 (+870020) | 0.162 -0.002 (£0.01) 0.266
80 ug/L 4521906 (+936147) | 0.003 -0.0039 (+0.005) 0.831
500 pg/L | 5765352 (+1112852) | 0.687 -0.0068 (+0.03) 0.998
Appendix Table 3B. Comparison of growth curve model fit and predicted
growth parameters for control and treatment cultures after 5 h of metformin
exposure. Growth curves were fit with exponential growth models.
Specific Growth| AVG Resid
Species Treatment R2 Rate Error
() S
T. weissflogii Control 0.926 0.046 0.007
1 ug/L 0.965 0.047 0.005
60 ug/L 0.941 0.047 0.007
400 pg/L 0.972 0.044 0.004
C. vulgaris Control 0.968 0.041 0.004
1 ug/L 0.944 0.040 0.005
80 ug/L 0.921 0.034 0.005
500 pg/L 0.932 0.038 0.005
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Appendix Figure 3A. Average algal culture density (A, C) and specific growth rates (B, D) in
response to different levels of metformin exposure over a 5 h period. Grey areas in A and C
indicate pre-spike growth.
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